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Introduction 


So  far,  this  course  has  been  mainly  devoted  to  the  study  of  stochastic  processes, 
most  of  which  have  in  fact  been  Markov  processes.  In  this  unit  there  is  a  complete 
change.  The  applications  of  probability  to  genetics  that  you  will  meet  in  this  unit 
involve  only  the  basic  la\vs  of  probability. 

Genetics,  as  defined  in  Chambers  Dictionary,  is  ‘the  branch  of  biology  which  deals 
with  heredity  and  variation’.  As  you  will  see,  the  variation  is  random  variation. 
Genetics  deals  with  the  inheritance  of  genes,  which  are  chemical  compounds  made 
of  DNA  (deoxyribonucleic  acid).  The  words  genetics  and  gene  are  both  derived 
from  the  Greek  word  genos — a  race. 

The  study  of  the  science  of  genetics  began  in  about  1850  with  the  work  of  Darwin 
and  of  Mendel.  Subsection  1.1  gives  a  summary  of  the  early  history  of  the  subject. 
As  genetics  is  a  branch  of  biology,  its  detailed  study  involves  understanding  the 
biological  mechanisms  of  inheritance.  Obviously  this  would  be  out  of  place  in  a 
mathematics  course,  but  Subsection  1.2  contains  a  brief  introduction  to  the 
biological  mechanisms  and  also  the  nomenclature  which  is  necessary  for 
understanding  the  probability  models  that  are  developed  later  in  the  unit.  This 
subsection  also  introduces  several  specific  examples  that  are  used  in  the  unit. 

Section  2  describes  Mendel’s  laws  of  genetics  and  shows  how  they  are  used  to 
calculate  the  probabilities  that  characteristics  of  parents  will  appear  in  their 
offspring.  Section  3  further  develops  this  theme  by  showing  how  Mendel’s  laws 
make  it  possible  to  calculate  proportions  of  different  characteristics  that  are 
observed  in  a  large  population.  Several  examples  are  worked  through  in  the 
audio-tape  session  associated  with  this  section. 

In  Section  4  some  exceptions  to  Mendel’s  Second  Law  are  described,  and  these 
enable  some  observed  biological  phenomena  to  be  explained.  Finally,  Section  5 
gives  an  introduction  to  the  process  of  evolution. 

This  unit  contains  very  little  difficult  mathematics,  and  the  Course  Team  hope  you 
will  find  it  straightforward  and  interesting  to  study.  Section  1  is  descriptive  and 
may  require  little  study  time,  but  it  is  important  that  you  become  familiar  with  the 
language  introduced  there  in  order  to  follow  the  remainder  of  this  unit.  Sections  2, 
3  and  4  are  about  the  same  length,  but  Section  3  will  probably  require  most  study 
time  as  the  examples  in  the  audio-tape  session  will  need  some  thought.  Section  5  is 
brief  and  contains  no  questions. 

There  is  no  video  component  associated  with  this  unit. 


1  Preliminaries 


1.1  Historical  sketch 

Darwinism 

The  work  of  Charles  Darwin  is  a  convenient  starting  point  of  the  theory  of 
evolution,  a  nineteenth-century  development  which  leads  to  modern  population 
genetics.  Darwin  and  Alfred  Russel  Wallace  published  a  joint  paper  on  natural 
selection  in  the  Journal  of  the  Linnaean  Society  in  1858,  and  Darwin’s  book, 
Origin  of  Species  by  Natural  Selection,  appeared  in  1859.  These  publications 
formalized  the  theory,  which  was  already  foreshadowed  by  many  scientists,  that 
over  long  periods  of  time,  a  species  may  gradually  become  modified  and 
transformed  into  a  different  species.  Darwin’s  great  contribution  was  that  he 
supported  his  ideas  by  detailed  observations,  made  mainly  during  his  voyage  to 
South  America  on  the  Beagle  between  1831  and  1836. 


C'harles  R.  Darwin  1809  82 
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The  theory  of  evolution  contained  four  key  concepts,  as  follows. 

1.  There  are  distinct  species  of  animals  and  of  plants,  and  the  offspring  of  any 
species  are  recognizable  as  belonging  to  that  species,  which  is  different  from  any 
other  species. 

Much  work  on  this  concept  had  been  done  by  Linnaeus,  who  listed  and  classified  Carolus  Linnaeus  (1707-78)  was  a 
.many  different  species  in  the  eighteenth  century.  Swedish  botanist. 

2.  Species  are  not,  however,  totally  distinct,  but  over  long  periods  may  gradually  be 
transformed  into  different  forms. 

Lamarck  had  put  forward  these  views  in  1829,  with  his  famous  example  of  the  Jean  Lamarck  (1744-1829)  was  a 

giraffe:  because  of  shortage  of  food  in  its  habitat,  the  giraffe  constantly  reaches  up  French  biologist, 
to  eat  leaves  and  consequently  its  neck  and  legs  gradually  grow  longer.  However, 

Lamarck  also  believed  that  species  all  gradually  became  transformed  from  low 
forms  of  life  to  the  highest — human. 

3.  Individuals  of  a  species  compete  for  resources,  and  changes  occur  as  a  result  of 
natural  .selection. 

This  was  Darwin’s  specific  contribution,  made  as  a  result  of  his  observations  of 
slight  variations  in  finches,  turtles  and  other  species  on  different  Galapagos  islands. 

Darwin  realized  that  species  could  be  arranged  as  the  branches  of  a  tree.  There 
was  not  just  one  perfect  form  of  life,  but  many,  each  suited  to  its  own 
environment. 

4.  Variation  in  a  species,  once  acquired,  can  be  transmitted  from  parent  to  offspring. 

However,  the  mechanism  of  this  inheritance  was  unknown  to  Darwin  and  his 
followers.  Darwin  himself  believed  in  a  continuous  process  of  ‘blending’  in  which 
each  offspring’s  characteristics  were  in  some  way  an  average  of  those  of  the 
parents.  However,  if  this  were  the  case,  any  change  would  rapidly  be  damped 
down  and  so  evolutionary  development  could  not  take  place.  Two  other  biologists, 

Thomas  H.  Huxley  and  Francis  Galton,  argued  for  discontinuous,  non-blending 
inheritance  in  which  sudden  large  jumps  could  occur.  Neither  school  of  thought 
understood  the  biological  mechanism  by  which  inheritance  took  place. 


Mendelism 

At  about  the  same  time  as  Darwin  was  writing  Origin  of  Species,  an  Augustinian 
monk  named  Gregor  Mendel  was  carrying  out  experiments  on  pea  plants  in  the 
garden  of  his  monastery  at  Brno  in  Moravia  (now  Czechoslovakia).  In  1866  he 
published  his  paper  ‘Experiments  on  Plant  Hybrids’  which  described  the  first 
methodical  experiments  on  heredity.  We  shall  discuss  these  in  some  detail  because 
they  provide  an  excellent  introduction  to  the  subject  of  Genetics  and  because  they 
are  interesting  in  their  own  right. 

The  edible  pea  species,  Pisum  sativum,  is  naturally  self-pollinating,  which  means 
that  the  ovule  is  fertilized  by  pollen  from  the  same  flower.  This  is  because  of  the 
anatomy  of  the  flower,  which  prevents  pollen  from  other  flowers  reaching  the 
ovule.  There  are  many  different  varieties  of  the  pea  plant  Pisum  sativum;  although 
varieties  can  be  recognized  as  belonging  to  the  same  biological  species,  there  are 
noticeable  differences  between  them.  Mendel  selected  seven  features  of  the  pea 
which  could  take  one  of  just  two  different  forms  in  different  varieties.  These 
included  the  shape  of  the  peas  (round  with  slight  depressions  or  angular  and 
deeply  wrinkled),  the  colour  of  the  seed  cotyledon,  which  is  the  main  part  of  the 
actual  peas  (yellow  or  green),  and  the  difference  in  the  positions  of  the  flowers 
(either  distributed  along  the  main  stem  or  bunched  at  the  top  of  the  stem).  So  one 
variety  might  have  round  peas,  yellow  seed  cotyledons  and  bunched  flowers, 
whereas  another  variety  could  have  wrinkled  peas,  green  seed  cotyledons  and 
bunched  flowers.  We  shall  concentrate  on  just  one  feature — the  yellow  or  green 
colour  of  the  seed  cotyledon.  The  experiments  that  Mendel  performed  are  now 
described. 

Mendel  selected  two  varieties,  one  with  green  seed  cotyledons  and  one  with  yellow. 
He  took  a  large  number  of  seeds  of  each  variety  and  checked  that  they  bred  ‘true’ 
for  several  generations:  that  is,  the  seeds  from  plants  with  green  seed  cotyledons 


Gregor  Mendel  1822-84 
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developed  into  plants  that  always  had  green  seed  cotyledons,  and  similarly  for  the 
yellow  seed  cotyledons.  Mendel  then  took  five  plants  of  each  variety  and  carefully 
cross-fertilized  them  by  removing  unripe  stamens  and  then  brushing  the  pollen  on 
to  the  ovule  of  a  plant  of  the  other  variety.  He  observed  that  all  the  seed 
cotyledons  produced  from  these  cross-fertilizations  were  yellow.  This  was  true  for 
both  types  of  crosses— ‘green’  ovule/‘yellow’  pollen  and  ‘yellow’  ovule/‘green’ 
pollen. 

Mendel  obtained  similar  results  in  all  his  experiments:  all  the  plants  produced 
exhibited  just  one  of  the  characteristics  of  the  parents  and  always  the  same  one. 
Such  a  characteristic  is  called  dominant,  while  the  one  that  is  not  apparent  is  called 
recessive.  So  the  yellow  characteristic  of  seed  cotyledons  is  dominant  and  the  green 
characteristic  is  recessive. 

The  seeds  produced  from  the  cross-fertilization  are  known  technically  as  the  ‘first 
filial  generation’  and  are  often  referred  to  as  ‘Fj  seeds’.  Plants  grown  from  seeds 
are  called  ‘F^  plants’.  Mendel  planted  his  F^  pea  seeds  (all  of  which  had  yellow 
cotyledons)  and  obtained  258  F^  plants.  These  plants  produced  8023  peas,  of  which 
6022  were  yellow  and  2001  were  green.  These  peas,  being  the  second  generation, 
are  called  F2  seeds.  Most  pods  contained  peas  with  both  yellow  and  green 
cotyledons.  Each  pea  could  be  clearly  recognized  as  having  either  yellow  or  green 
cotyledons;  blending,  involving  a  greenish-yellow  colour,  never  occurred. 

Mendel  noted  that  the  ratio  of  yellow  to  green  seed  cotyledons  in  the  F2  peas  was 
approximately  3:1,  and  he  obtained  very  similar  results  from  his  experiments  on 
all  seven  features;  the  ratios  varied  from  2.82  to  3.15.  In  every  case,  each  of  the  F2 
seeds  or  plants  took  on  just  one  of  the  two  possible  characteristics;  blending  never 
occurred. 

Mendel  then  continued  his  experiments  by  planting  some  of  the  Fj  seeds  and 
allowing  the  plants  to  self-fertilize  naturally.  He  found  that  the  Fj  green  seeds  all 
bred  true;  all  seeds  produced  had  green  cotyledons  and  this  remained  true  for 
several  generations.  However,  the  behaviour  of  519  plants  that  he  grew  from  F2 
yellow  seeds  was  more  complicated:  166  of  the  plants  yielded  only  yellow  peas,  but 
the  remaining  353  plants  each  produced  a  mixture  of  yellow  and  green  peas,  again 
in  the  ratio  of  approximately  3  to  1  (Mendel  does  not  quote  his  exact  results).  So 
166/519,  about  one  third,  of  the  yellow  F2  seeds  bred  true  and  about  two  thirds 
produced  a  mixture  of  yellow  and  green  seeds.  Mendel  obtained  similar  results  on 
all  seven  of  the  features  on  which  he  experimented. 

His  results  seem  to  indicate  that  some  discrete  mechanism  is  at  work  in 
determining  the  hereditary  characteristics  of  the  pea.  Later  in  the  unit  you  will  see 
that  this  is  indeed  the  case,  and  Mendel’s  results  will  be  explained.  Although 
Mendel’s  1866  paper  was  published  in  a  rather  obscure  journal,  it  was  read  by 
many  leading  biologists  of  the  time.  However,  it  made  little  impact  on  the  current 
ideas  about  inheritance  and  natural  selection,  probably  because  biology  had  not 
yet  developed  enough  for  the  mechanisms  which  Mendel  observed  to  be 
understood. 

Later  developments 

The  next  important  figure  in  the  development  of  genetics  was  August  Weismann 
(1834-1914),  who  worked  in  Freiburg,  Germany,  in  the  1880s.  Using  the  powerful 
microscopes  which  were  just  being  developed,  he  was  able  to  observe  cells  and 
their  nuclei  and  also  chromosomes  and  the  two  types  of  cell  division — mitosis  and 
meiosis — which  are  explained  in  the  next  subsection.  His  work  provided  the 
biological  theory  by  which  Mendel’s  results  on  inheritance  could  be  explained. 

In  1900,  Mendel’s  work  was  rediscovered  independently  by  three  workers.  His 
paper  was  translated  into  English  in  1901  by  William  Bateson  (1861-1926),  who 
became  a  strong  advocate  of  Mendel’s  work  and  Mendelism  and  strongly  opposed 
the  Darwinian  theory  of  blending.  Bateson  worked  in  Cambridge  and  discovered 
the  theory  of  sex-linkage,  which  is  described  in  Subsection  4.1.  It  was  also  he  who 
coined  the  word  ‘genetics’  and  also  the  terms  ‘allele’,  ‘heterozygous’  and 
homozygous’,  which  are  defined  in  the  following  subsection. 


Latin  filius:  a  son 
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Around  the  turn  of  the  century  there  was  a  very  great  and  bitter  conflict  between 
the  Darwinians  and  the  Mendelians,  as  the  two  sides  were  known.  Darwin  believed 
that  evolution  occurred  essentially  continuously  in  a  series  of  minute  changes,  and 
many  members  of  the  newly  developing  science  of  biometry  (the  quantitative  or 
statistical  study  of  biology)  supported  Darwin’s  ideas.  They  included  the  great 
statistician  Karl  Pearson,  who  worked  on  data  from  human  families.  On  the  other 
hand,  as  was  mentioned  before,  Gallon  and  Huxley  thought  evolution  occurred  in 
large  discontinuous  jumps.  They  were  strongly  supported  by  Bateson,  who  used 
Mendel’s  results  as  evidence.  The  controversy  continued  during  the  early  years  of 
this  century,  until  in  1918  R.  A.  Fisher  published  a  paper  which  showed  that  the 
hereditary  mechanism  demonstrated  by  Mendel  could  also  account  for  the 
apparently  continuous  changes  observed  by  the  biometricians.  After  this,  the 
conflict  was  seen  to  be  resolved. 

Of  the  many  other  research  workers  in  genetics,  there  is  one  other  early  group 
who  made  some  basic  discoveries  on  linkage  which  arc  discussed  in  Subsection  4.2. 
In  1910,  T.  H.  Morgan  (1866-1945)  started  what  was  known  as  the  ‘fly  room’  in 
Columbia  College,  New  York.  The  fruit  fly  (Drosophila  melanogaster)  species 
includes  different  varieties  with  various  distinguishable  characteristics,  just  like  the 
peas  that  Mendel  used.  For  genetic  purposes,  they  have  the  advantage  that  they 
breed  quickly  and  prolifically  so  a  large  amount  of  data  can  easily  be  collected. 
Morgan  and  his  co-workers  kept  the  fruit  flies  in  bottles  in  the  fly  room,  and 
carried  out  many  experiments,  confirming  and  extending  Mendel’s  work! 


1.2  Biological  background 

In  this  subsection,  the  basic  features  of  the  biology  of  genetics  and  reproduction 
are  described.  The  model  presented  is  a  simple  one,  but  it  embraces  sufficient 
features  of  reality  for  the  basic  probability  aspect  of  inheritance  to  be  developed. 

The  nucleus  of  every  living  cell  contains  chromosomes  which  are  long  thread-like 
structures  consisting  of  the  chemical  DNA  (deoxyribonucleic  acid).  In  many 
species,  including  all  mammals,  the  chromosomes  occur  in  pairs;  the  number  of 
chromosomes  in  a  nucleus  varies  from  species  to  species;  for  example,  man  has  23 
pairs,  cattle  have  30,  tobacco  plants  have  24,  peas  have  7  and  fruit  flies  4  pairs. 
Each  cell  of  a  species  contains  the  same  number  of  chromosomes;  the 
chromosomes  in  a  cell  of  any  particular  individual  are  identical  to  those  in  every 
other  cell,  but  different  from  those  in  the  cells  of  any  other  individual.  The  two 
chromosomes  in  every  pair  except  one  are  comparable  in  all  their  features  and  can 
be  thought  of  as  interchangeable. 

The  information  concerning  heritable  characteristics  of  an  individual  is  carried  by 
genes,  and  these  are  located  on  the  chromosomes.  For  our  purposes  genes  can  be 
thought  of  as  beads  threaded  on  strings  which  represent  the  chromosomes.  Since 
chromosomes  occur  in  pairs,  genes  also  occur  in  pairs,  with  one  of  each  pair 
occurring  at  the  same  position  or  locus  of  each  chromosome  of  a  pair.  A 
diagrammatic  representation  of  a  cell  with  only  two  pairs  of  chromosomes  in  its 
nucleus  is  shown  in  Figure  I  .l. 


Figure  I.l  Diagrammatic  representation  of  a  cell 

Genes  are  responsible  for  the  characteristics  of  an  individual  like  hair  colour,  eye 
colour  or  blood  group.  In  some  cases,  for  example  the  colour  (yellow  or  green)  of 


More  detailed  biological 
descriptions  are  available  in  genetics 
textbooks  and  in  the  OU  course 
S298  Genetics. 


This  is  true  for  all  cells  except  the 
sex  cells;  see  below. 

The  two  chromosomes  in  one 
particular  pair,  which  are  called  the 
sex  chromosomes,  differ  in  an 
important  way,  which  is  described  in 
Subsection  4.1. 


6 


the  seed  cotyledons  in  Mendel’s  pea  experiments,  a  single  pair  of  genes  determines 
the  characteristic  of  the  individual.  Other  features,  like  height  in  human  beings,  are 
more  complicated  and  several  pairs  of  genes  are  involved. 

Every  gene  can  take  one  of  several  forms  or  alleles.  The  different  alleles  are 
actually  different  forms  of  the  chemical  DNA;  they  produce  different  characteristics 
in  the  individual.  In  the  simplest  cases  a  gene  has  only  two  possible  alleles  and  this 
was  the  situation  for  all  the  features  that  Mendel  studied,  for  example  yellow  or 
green  seed  cotyledons  and  smooth  round  or  angular  wrinkled  seeds.  In  other  cases, 
a  gene  may  take  more  than  two  forms  and  is  said  to  have  multiple  alleles.  This  is 
so  in  the  human  blood  group  system  described  in  Example  1.6. 

For  the  moment  we  shall  consider  only  one  gene  pair,  each  gene  having  two 
possible  alleles,  which  will  be  denoted  by  the  letters  A  and  a.  For  each  such  gene 
pair,  there  are  three  possibilities  for  an  individual:  both  genes  may  be  of  the  allele 
form  A,  both  may  be  of  form  a  or  there  may  be  one  of  each  allele.  The  two  alleles 
together  determine  the  genotype  of  the  individual;  the  three  possible  genotypes  are 
written  AA,  Aa,  aa.  If  the  two  alleles  are  the  same,  the  individual  is  said  to  be  a 
homozygote;  so  genotypes  AA  and  aa  are  both  homozygotes.  An  individual  of 
genotype  Aa,  whose  alleles  are  different,  is  called  a  heterozygote.  (The  adjectives 
‘homozygous’  and  ‘heterozygous’  are  also  used.) 

The  genotype  of  an  individual  specifies  the  genes  actually  carried  by  him  or  her, 
but  usually  these  cannot  be  directly  identified.  Often,  only  the  appearance  or 
phenotype  of  an  individual  can  be  observed.  For  a  homozygote  this  is  obviously 
the  characteristic  associated  with  the  common  allele  of  both  genes.  An  AA 
individual  has  phenotype  A  and  an  aa  individual  has  phenotype  a.  The 
characteristic  of  a  heterozygote  is  not  so  obvious.  However,  in  many  cases,  one  of 
the  two  alleles  is  said  to  be  dominant  to  the  other,  the  recessive  allele,  and  the 
characteristic  associated  with  the  dominant  allele  appears.  For  example,  brown  eye  \ 
colour  in  humans  is  dominant  to  blue  and  so  a  heterozygous  (brown-eyed/blue- 
eyed)  individual  will  have  brown  eyes.  When  a  gene  has  two  alleles  and  one  is 
dominant  to  the  other,  it  is  conventional  that  the  capital  letter  denotes  the 
dominant  allele  and  the  lower-case  letter  the  recessive  allele.  So  an  individual  with 
genotype  Aa  is  of  phenotype  A  and  will  have  the  characteristic  A.  In  other  cases, 
neither  allele  is  dominant  and  the  two  are  said  to  be  codominant;  you  will  meet 
situations  where  this  occurs  in  Examples  1.3,  1.5,  1.6  and  1.7. 

There  now  follows  a  number  of  examples  to  illustrate  the  properties  of  genes  and 
their  alleles.  These  are  partly  for  your  interest,  but  they  will  also  be  referred  to 
again  later  in  the  unit. 

Example  1.1  Colour  of  seed  cotyledons  in  the  edible  pea 

As  Mendel  observed,  seed  cotyledons  can  be  either  yellow  or  green,  and  yellow  is 
dominant  to  green.  If  the  two  colour  alleles  are  denoted  by  C  (yellow)  and  c 
(green),  then  there  are  three  genotypes  CC,  Cc  and  cc.  Peas  with  genotype  CC  and 
peas  with  genotype  Cc  both  have  phenotype  C  and  so  appear  yellow,  whereas  peas 
with  genotype  cc  appear  green.  □ 

Example  1.2  Phenylthiocarbamide  tasting 

Most  people  (about  84%  of  the  population)  find  that  a  dilute  solution  of  the 
chemical  phenylthiocarbamide  has  a  bitter  taste;  they  are  referred  to  as  tasters, 
with  phenotype  T.  The  remaining  16%  of  the  population  consider  it  has  no  taste; 
they  are  non-tasters,  phenotype  t.  As  indicated  by  the  notation,  tasting  is  dominant 
to  non-tasting.  □ 

Example  1.3  Sickle-cell  anaemia 

This  is  a  disease  occurring  mainly  in  Central  and  Western  Africa  in  which  victims 
become  anaemic  due  to  a  tendency  of  their  red  blood  cells  to  clump  together  and 
cause  blockages  of  the  blood  vessels.  The  red  blood  cells  then  become  sickle¬ 
shaped  rather  than  round,  as  can  be  seen  in  Figure  1.2.  The  disease  is  caused  by  a 
single  gene  (pair)  which  affects  one  amino  acid  in  the  haemoglobin. 


Some  writers  use  the  terms  ‘gene’ 
and  ‘allele’  interchangeably. 


There  is  no  way  of  distinguishing 
between  Aa  and  aA. 


The  terms  dominant  and  recessive 
characteristics  were  introduced  in 
Subsection  1.1. 


Figure  1.2  Normal  and  sickle-shaped 
red  blood  cells 


Haemoglobin  is  the  red  pigment  in 
blood  which  carries  oxygen  around 
the  body. 
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The  sickle-cell  anaemia  gene  has  two  codominant  alleles,  which  can  be  denoted  by 
A  and  S.  The  homozygous  genotype  AA  has  normal  haemoglobin.  The 
homozygous  genotype  SS  causes  severe  anaemia.  However,  the  heterozygous  form 
AS  causes  only  mild  anaemia  and  furthermore,  these  individuals  are  more  likely  to 
survive  malaria  than  are  the  homozygotes  AA.  In  this  case  neither  allele  is 
dominant  and  the  heterozygous  genotype  behaves  differently  from  either 
homozygote.  □ 

The  next  example  involves  two  different  genes. 

Example  1.4  Fat  mice 

Fat  mice  occur  when  either  one  (or  both)  of  two  different  genes  has  the 
homozygous  recessive  form.  The  two  alleles  of  one  of  the  genes  are  B  (dominant) 
and  b  (recessive),  and  those  of  the  other  are  D  (dominant)  and  d  (recessive).  Thus, 
each  of  the  following  genotypes  corresponds  to  a  fat  mouse: 

bbdd,  bbDd,  bbDD,  Bbdd,  BBdd. 

Each  of  the  other  four  genotypes  corresponds  to  a  non-fat  or  ‘normal’  mouse.  □ 

The  next  two  examples  are  about  two  different  human  blood  group  systems.  Blood 
can  be  of  different  types  or  groups,  and  the  differences  are  genetic. 

Example  1.5  M-N  blood  group  system 

The  two  alleles  M  and  N  of  the  gene  governing  the  M-N  blood  group  system  are 
codominant  and  all  three  genotypes  are  distinguishable  as  different  phenotypes  (as 
in  Example  1.3).  Anti-M  and  anti-N  sera  are  used  to  distinguish  the  three  forms. 
Genotype  MM  (phenotype  M)  reacts  to  the  anti-M  but  not  to  the  anti-N  serum, 
genotype  NN  (phenotype  N)  reacts  only  to  anti-N  serum,  and  genotype  (and 
phenotype)  MN  reacts  to  both  sera.  The  phenotypes  (M,  N,  MN)  are  the  blood 
groups.  □ 

Example  1.6  ABO  blood  group  system 

In  this  blood  group  system,  the  determining  gene  has  four  alleles,  denoted  by  Ai, 
A2,  B  and  O.  Blood  group  can  be  determined  using  three  sera:  anti-B,  which 
reacts  with  the  B  allele;  anti-A,  which  reacts  with  both  Aj  and  Aj  alleles;  and 
anti-Ai  which  reacts  with  the  Aj  allele  only.  (None  of  the  sera  reacts  with  the  O 
allele.)  The  allele  O  is  recessive  to  all  others,  and  Aj  is  recessive  to  A,.  Alleles  A, 
and  B  are  codominant,  and  so  are  alleles  A2  and  B. 

The  phenotype  of  an  individual  is  his  blood  group.  For  instance,  someone  who 
reacts  only  to  anti-A  serum  is  of  blood  group  A2  and  has  genotype  either  A2A2  or 
A2O,  and  a  person  who  reacts  to  all  three  sera  is  of  blood  group  AjB. 

Question  1.1 

(i)  List  all  the  possible  genotypes  of  the  ABO  blood  group  system. 

(ii)  List  all  the  possible  reactions  to  the  three  sera.  Write  down  the  phenotypes 
and  possible  genotypes  of  each  reaction.  How  many  blood  groups  are  there  in 
this  system?  □ 

It  is  important  to  be  able  to  recognize  the  different  groups,  as  some  are 
incompatible  for  transfusion  purposes.  If  a  patient  is  of  blood  group  O,  then  he  or 
she  can  receive  a  transfusion  of  blood  of  any  group  in  the  ABO  system.  However, 
patients  with  blood  group  A^B  can  receive  transfusions  of  blood  only  of  this 
group,  which  occurs  in  less  than  1  %  of  the  population.  □ 


Codominant  alleles  of  a  gene  are 
often  denoted  by  different  upper¬ 
case  letters. 
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Example  1.7  Rabbit  fur  colour 

The  coat  colour  of  rabbits  depends  on  a  gene  with  four  alleles  denoted  by  C, 
c^  c,  which  have  a  rather  complicated  dominance  structure.  Allele  C  is  dominant 
to  the  other  three  alleles,  and  allele  is  dominant  to  allele  c.  Allele  c'**  is 
codominant  with  alleles  c**  and  c. 

The  allele  C,  whether  present  in  homozygote  form  CC  or  in  any  heterozygote 
form,  appears  as  phenotype  C  and  such  rabbits  have  the  normal  grey  colour. 
Genotypes  c''c''  and  c'‘c  both  appear  as  phenotype  c^  which  is  a  white  rabbit  with 
black  extremities,  known  as  Himalayan.  The  homozygous  form  cc  has  no  colour 
pigment  and  so  is  an  albino  rabbit.  The  homozygous  rabbit  is  a  silver-grey 
colour  known  as  chinchilla,  and  the  heterozygous  forms  and  c‘''’c  have  light- 
grey  fur.  The  colours  and  their  possible  genotypes  are  given  in  Table  1.1.  □ 


Table  1. 1  Rabbit  fur  colour 


Phenotype 

Possible  genotypes 

normal  grey  colour 

CC,  Ce^^  Cc^  Cc 

chinchilla 

Cchcch 

light-grey 

c'*’c 

Himalayan 

cl>ch 

albino 

CC 

Cell  division 

All  the  cells  of  an  individual  develop  from  a  single  original  cell,  called  a  zygote. 
The  normal  method  by  which  an  individual  grows,  repairs  damaged  tissue,  etc.,  is 
by  a  process  of  cell  division  called  mitosis,  which  is  illustrated  in  Figure  1.3.  For 
simplicity,  the  cells  in  Figure  1.3  contain  only  two  pairs  of  chromosomes.  Before 
division  starts — Figure  1.3(a) — the  two  chromosomes  of  each  pair  are  close 
together.  Each  pair  of  chromosomes  separates  and  then  each  chromosome 
reproduces  itself  exactly— Figure  1.3(b).  The  chromosomes  then  interchange  so 
that  the  cell  contains  two  identical  pairs,  and  this  happens  for  each  pair  of 
chromosomes  (23  pairs  for  man)  as  in  Figure  1.3(c).  The  cell  then  elongates  and  the 
pairs  of  chromosomes  arrange  themselves  so  that  one  pair  of  each  of  the  two 
identical  pairs  moves  to  each  end  of  the  cell— Figure  1.3(d).  Finally,  the  cell 
divides  into  two  so  that  each  ‘daughter’  cell  contains  pairs  of  chromosomes,  which 
are  identical  to  the  pairs  in  the  original  cell — Figure  1.3(e).  In  this  way,  every  cell 
in  the  body  contains  identical  chromosomes  to  the  zygote. 


Figure  U  Cell  division:  mitosis 


There  is  another  way  in  which  cells  divide;  this  occurs  only  in  specialized  cells  of 
the  reproductive  organs  and  is  known  as  meiosis;  it  is  illustrated  in  Figure  1.4. 
Meiosis  starts  in  exactly  the  same  way  as  mitosis — Figure  1.4(a);  each  pair  of 
chromosomes  separates  and  then  reproduces  itself  exactly — Figure  1.4(b). 

However,  the  chromosomes  then  group  as  in  Figure  1.4(c)  and  then  the  cell 
elongates — Figure  1.4(d) — and  divides  into  four  new  cells,  each  of  which  contains 
just  one  chromosome  from  each  pair — Figure  1.4(e).  These  cells  are  called  gametes 
or  sex  cells;  the  gametes  in  females  are  eggs  and  in  males  are  sperms.  Each  gamete 
in  man  contains  just  23  chromosomes,  one  from  each  pair. 


It  follows  that  if  the  locus  of  a  particular  gene  contains  two  identical  alleles,  then 
all  the  gametes  of  the  individual  will  contain  this  allele.  However,  if  a  locus  has 
two  different  alleles,  A  and  a  say,  and  therefore  the  individual  is  heterozygous  with 
respect  to  this  particular  gene,  then  half  the  gametes  will  contain  an  A  allele  and 
half  will  contain  an  a  allele. 

After  mating,  the  male  and  the  female  gametes  unite  to  form  the  zygote  of  the 
offspring.  The  two  sets  of  single  chromosomes  unite  in  pairs  so  that  the  offspring 
has  one  chromosome  from  each  parent  in  each  of  its  pairs  of  chromosomes.  The 
zygote  then  develops  by  mitosis  into  a  new  individual. 

Because  of  the  way  in  which  reproduction  of  chromosomes  occurs,  an  offspring  is 
equally  likely  to  inherit  either  one  of  each  of  its  parents’  chromosomes.  If  a  parent 
has  a  heterozygous  genotype,  Aa  for  example,  then  the  offspring  has  a  probability 
of  one  half  of  inheriting  an  A  allele  and  one  half  of  inheriting  an  a  allele  from  that 
parent.  From  this  simple  result,  many  of  the  probability  models  of  population 
genetics  are  derived,  as  will  be  seen  in  the  remainder  of  this  unit. 


2  Mendel’s  laws  of  genetics 


Mendel  expressed  the  results  of  his  experiments  by  stating  two  laws,  which  form 
the  basis  of  modern  mathematical  genetics.  Although  he  deduced  the  principles,  he 
was  unaware  of  the  mechanisms  behind  them,  since  the  details  of  genetic  structure 
and  chromosomes  were  not  known  at  that  time.  However,  the  laws  will  be 
explained  here  using  modern  knowledge. 


2.1  Mendel’s  First  Law 


The  mechanism  of  inheritance  of  a  gene  at  a  single  locus  on  a  chromosome, 
described  at  the  end  of  Subsection  1.2,  constitutes  Mendel’s  First  Law. 

Characteristics  are  controlled  by  pairs  of  genes,  each  pair  at  a  particular  locus  on 
a  pair  of  chromosomes.  One  of  the  two  chromosomes  of  each  parent  passes  to  an 
offspring;  and  the  two  chromosomes  received  in  this  way  form  the  pair  of 
chromosomes  for  the  offspring.  So  the  offspring  inherits  one  gene  of  each  pair  (of 

his  many  pairs  of  genes)  from  each  parent.  He  is  equally  likely  to  inherit  either  of  For  convenience,  the  male  forms 
the  two  genes  of  each  parent.  This  can  be  expressed  as  follows.  ‘his’  and  ‘he’  are  used. 


MendeFs  First  Law 

Each  of  the  two  genes  at  any  particular  locus  on  a  chromosome  pair  of  an 
individual  has  a  probability  of  one  half  of  being  the  single  gene  at  that  locus 
to  be  carried  by  a  particular  gamete  and  so  of  being  inherited  by  an  offspring 
of  that  individual. 


An  important  result  of  Mendel’s  First  Law  is  that  each  pair  of  genes  in  individuals 
of  one  generation  is  segregated  and  the  next  generation  has  a  different  pairing  of 
genes.  Mendel  was  aware  of  this  from  the  results  of  his  experiments  with  peas, 
when  he  obtained  different  proportions  of  characteristics  (e.g.  yellow  and  green 
seed  cotyledons)  from  one  generation  to  the  next. 


Example  2.1 


To  illustrate  how  Mendel’s  First  Law  applies  to  a  gene  with  two  alleles,  we  Shall 
use  Example  1.2,  which  described  the  genetics  of  phenylthiocarbamide  tasting,  with 
alleles  T  and  t.  Any  child  of  a  homozygous  taster  TT  and  a  homozygous  non- 
taster  tt  must  inherit  an  allele  T  from  one  parent  and  an  allele  t  from  the  other, 
and  so  is  of  genotype  Tt.  Since  T  is  dominant  to  t,  the  child  is  of  phenotype  T,  and 
so  is  a  taster.  This  mating  type  or  cross,  written  TT  x  tt,  is  illustrated  in 
Figure  2.1,  which  shows  all  four  possible  outcomes.  The  probabilities  of  being 
inherited  are  written  beside  the  alleles  of  each  parent,  and  the  probabilities  of  the 
offspring  genotypes  are  obtained  by  multiplying  the  component  allele  probabilities. 
In  this  case,  Tt  is  the  only  possible  genotype  and  so  there  was  really  no  need  to 
include  the  probabilities. 

Next  suppose  that  one  parent  is  of  genotype  Tt  and  the  other  is  of  genotype  tt. 
From  the  first  parent,  an  offspring  inherits  a  T  allele  with  probability  i  and  a  t 
allele  with  probability  he  inherits  a  t  allele  from  the  other  parent  with 
probability  1.  This  is  illustrated  in  Figure  2.2.  So  F(Tt),  the  probability  that  an 
offspring  is  of  genotype  Tt,  is  given  by 

P(Tt)  =  i  +  i  =  i, 

and  similarly,  F(tt)  =  Since  T  is  dominant  to  t,  an  offspring  with  genotype  Tt  is 
phenotype  T  and  is  a  taster,  whereas  an  offspring  with  genotype  tt  is  phenotype  t 
and  is  a  non-taster.  So,  for  the  offspring  of  parents  Tt  and  tt, 

P(taster)  =  P(non-taster)  =  i.  □ 


TT  X  U 


Figure  2.1  TT  x  tt 


Tt  X  tt 


Figure  2.2  Tt  x  tt 


Note  that  in  Example  2.1  the  sex  of  the  parents  played  no  part  in  the  discussion; 
this  is  the  case  for  all  examples  in  this  section. 
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Question  2.1  Draw  a  diagram  to  show  the  possible  offspring  of  parents  with 
genotypes  TT  and  Tt.  Include  probabilities  in  the  diagram,  and  state  the 
probabilities  of  the  different  genotypes  and  phenotypes  of  the  offspring.  □ 

Question  2.2  Repeat  Question  2.1  for  the  case  when  both  parents  are  of 
genotype  Tt.  □ 

Example  2.2 

Mendel’s  First  Law  can  be  used  to  explain  the  results  of  his  experiments  on  the 
colour  of  the  seed  cotyledon  of  peas.  He  started  with  two  varieties  which  had  both 
bred  true  for  several  generations,  so  both  varieties  could  be  assumed  to  be 
homozygous.  Mendel  found  that  all  the  first  generation,  F^,  seeds  were  yellow,  so 
we  can  tell  that  the  yellow  allele  is  dominant  to  the  green  allele.  Let  us  denote 
these  alleles  by  C  and  c,  respectively.  Then  the  genotypes  are  CC  and  cc.  As  was 
shown  in  Example  2.1  (TT  x  tt),  Mendel’s  First  Law  says  that  all  Fj  seeds  will  be 
genotype  Cc,  phenotype  C,  which  was  the  case. 

Mendel’s  peas  were  naturally  self-pollinating,  so  in  the  remainder  of  his 
experiments  only  self-pollination  occurred.  The  second,  Fj,  generation  is  therefore 
the  result  of  the  self-pollination  of  Fi  seeds  each  with  genotype  Cc  (Cc  x  Cc).  It 
follows  from  Question  2.2  that  the  F2  generation  is  made  up  of  genotypes  CC,  Cc, 
cc  in  the  ratio  or  1:2:1,  and  so  contains  yellow  seeds  with  probability  I  and 
green  seeds  with  probability  i.  As  was  noted  in  Subsection  1.1,  Mendel  counted 
6022  yellow  seeds  and  2001  green  ones,  roughly  in  the  ratio  3:1,  which  supports 
the  genetic  theory. 

Mendel  then  continued  his  experiment  by  allowing  his  F2  seeds  to  germinate  and 
self-pollinate. 

Question  2.3  What  colours  of  seed  cotyledons  would  you  expect  to  be  produced 
from  the  yellow  and  the  green  F2  seeds,  and  in  what  proportions?  Are  Mendel's 
findings  in  accord  with  the  theoretical  probabilities?  □ 

Apart  from  the  initial  fertilization,  when  Mendel  carefully  placed  the  pollen  of  one 
plant  on  the  ovule  of  another,  the  peas  he  used  were  all  self-pollinating,  so  that  the 
pairs  of  chromosomes  in  both  parents  are  identical.  This  is  known  as 
‘self-crossing’;  it  occurs  only  in  certain  plants.  Usually  there  are  two  parents  and 
all  the  chromosome  pairs  may  be  different  in  the  two  parents.  In  particular,  the 
two  alleles  of  any  gene  may  well  be  different  in  the  two  parents.  Various  breeding 
methods  are  used  in  genetics;  a  common  one  is  ‘intercrossing’,  which  is  described 
in  the  following  example. 

Example  2.3  Body  colour  of  the  fruit  fly  Drosophila 

The  dominant  body  colour  of  fruit  flies  is  grey,  which  is  produced  by  the  dominant 
allele  B  of  a  single  gene;  the  recessive  allele  b  produces  black  bodies.  Suppose  that 
a  homozygous  grey,  BB,  is  mated  with  a  heterozygous  Bb.  Then  the  genotypes  of 
the  Fj  generation  are  BB  or  Bb,  each  with  probability  i  These  Fj  flies  are  then 
allowed  to  mate  at  random.  This  type  of  mating  is  known  as  ‘intercrossing’.  We 
shall  calculate  the  probabilities  of  the  resulting  different  genotypes  in  the  F2 
generation.  To  do  this  we  shall  use  the  Theorem  of  Total  Probability,  conditioning 
on  the  parental  crosses  in  the  Fi  generation. 

In  generation  Fj ,  the  possible  parental  crosses  are  BB  x  BB,  Bb  x  Bb  and 

BB  X  Bb.  Let  these  events  be  denoted  by  Ej,  £2  and  £3,  respectively.  Since  mating 

is  random  and  P(BB)  =  P(Bb)  =  i, 

P(£i)  =  P(£2)==ixi  =  i  P(£3)  =  i 

First  we  shall  calculate  the  probability  of  genotype  bb  in  the  F2  generation;  by  the 
Theorem  of  Total  Probability,  we  have 

P(bb  in  F2)  =  t  nhh  in  F2 1  £,-)  P(£,). 

«■=  1 
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If  event  Ej  occurs,  that  is  both  parents  are  genotype  BB,  then  the  probability  of  an 
offspring  with  genotype  bb  is  zero.  So,  P(bb  in  F2 1  £1)  =  0.  Similarly, 

P{hh  in  F2 1  £3)  =  0.  If  event  £3  occurs,  that  is  the  cross  Bb  x  Bb  takes  place,  then 
as  you  found  in  Question  2.2, 

£(bb  inF2|£2)  =  i 

Hence, 

P(bb  inF2)  =  0xi  +  ixi:  +  0xi  =  TV. 

The  probability  of  genotype  bb  in  the  F2  generation  is  iV- 

Question  2.4  Calculate  the  probabilities  that  the  Fj  offspring  are  of  genotypes  BB 
and  Bb.  What  proportion  of  the  Fj  generation  have  black  bodies?  □ 

Mendel’s  First  Law  enables  us  to  calculate  probabilities  of  different  genotypes  in 
family  trees.  As  you  have  just  seen,  information  about  parents  can  be  used  to 
provide  information  about  children’s  genotypes.  Also,  information  about  children 
can  be  used,  by  means  of  conditional  probabilities,  to  give  information  about 
parents'  genotypes;  this  is  illustrated  in  the  following  example,  which  concerns  the 
M-N  blood  group  system,  described  in  Example  1.5. 

Example  2.4 

Alan,  with  blood  group  M,  marries  Brenda,  blood  group  MN,  and  they  have  a 
daughter  Caroline  who  is  not  tested  for  the  M-N  blood  group  system.  Caroline 
marries  David,  who  has  blood  group  MN,  and  they  have  a  daughter  Elfrida. 

(i)  Calculate  the  probabilities  for  all  possible  genotypes  of  Elfrida. 

Later,  Caroline  and  David  have  a  son  Frank  who  is  found  to  have  blood  group  M. 

(ii)  Calculate  the  probabilities  for  Elfrida’s  genotypes  after  Frank’s  blood  group  is 
known. 

Solution 

The  family  tree  is  represented  in  Figure  2.3.  It  is  customary  to  denote  males  by 
squares  and  females  by  circles.  Each  person  is  labelled  by  his/her  initial  and  blood 
group,  if  known.  The  events  Cj,  C2,  £1,  £2,  £3  are  explained  below. 


M 


MN 


M 


Figure  2.3  Family  tree 


(i)  The  first  person  in  the  family  tree  about  whom  there  is  uncertainty  is  Caroline. 
Since  her  parents  have  blood  groups  M  and  MN  (genotypes  MM  and  MN), 
Caroline’s  possible  genotypes  are  MM  and  MN.  Let  the  event  that  Caroline  has 
genotype  MM  be  and  the  event  that  she  has  genotype  MN  be  Cj.  Without 
using  any  other  information  (for  example,  Frank’s  blood  group),  we  have 
P(Q)  =  P(C2)  =  i 

Now  Elfrida  can  have  any  of  the  genotypes  MM,  MN,  NN;  denote  these  events  by 
£1,  £2,  £3  respectively.  These  events  are  marked  in  Figure  2.3.  Using  the  Theorem 
of  Total  Probability, 

P(£j)  =  i  P{Ej\CdP{C,},  j  =  1,  2,  3,  (2.1) 

<=  1 

=  itp(Ej\Qy 

i=  \ 
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If  Caroline  is  genotype  MN  (event  C2  occurs),  then  Elfrida  has  parents  with 
genotypes  MN  and  MN,  and  so  the  probability  that  Elfrida  is  genotype  MM 
(event  £1)  is  i  and  that  she  is  genotype  MN  (event  £3)  is  These  probabilities  are 
written  £(£i  |  C2)  =  i,  £(£3 1  C2)  =  i;  it  follows  that  £(£3 1 C2)  =  4.  The  other 
conditional  probabilities  £(£i  |  Cj),  £(£3  |  Cj)  and  £(£3 1  Cj)  are  found  similarly,  and 
are  displayed  in  Table  2.1. 


Table  2.1  The  conditional  probabilities  £(£y|C,) 


Elfrida 

Caroline 

£,(MM)  EifMN)  fiaONN) 

Cl  (MM) 

k  i  0 

C2(MN) 

1  11 

4  2  4 

So,  applying  Result  (2.1),  we  obtain 

£(£i)-i(i  +  i)  =  i 

P(£2)  =  i(i  +  i)  =  i 

£(£3)  =  i{0  +  i)  =  l 

These  are  the  probabilities  of  the  genotypes  for  Elfrida.  This  means  that  the 
probabilities  of  blood  groups  (phenotypes)  M,  MN,  N  for  Elfrida  are  in  the  ratio 
or  3:4:1. 

(ii)  Now  the  information  that  Frank  has  blood  group  M  (genotype  MM)  is 
available.  Intuitively,  we  should  expect  this  to  increase  the  probability  that  Elfrida 
is  of  group  M.  We  first  calculate  conditional  probabilities  for  the  genotypes  of 
Frank’s  and  Elfrida’s  mother,  Caroline,  given  that  Frank  is  genotype  MM,  using 
Bayes’  Theorem. 

Using  a  notation  similar  to  that  of  part  (i),  the  event  that  Frank  is  genotype  MM 
is  written  F, .  As  in  part  (i),  Caroline  is  either  genotype  MM  (event  C,)  or  genotype 
MN  (event  C2).  By  Bayes’  Theorem, 

,  £(FJC,)£(C,) 

- . 

The  (unconditional)  probability  £(£1)  that  Frank  is  genotype  MM  is  exactly  the 
same  as  the  probability  that  (his  sister)  Elfrida  is  genotype  MM,  which  we 
calculated  in  part  (i)  to  be  |.  Also,  £(F,  |  Ci)  =  £(£,  |  C,)  =  i  (from  part  (i))  and 
£(C,)  =  i.  So, 

5 

Hence, 

£(C2|Fi)=1  -£(Cj|F,)  =  i 

We  have  now  incorporated  the  information  about  Frank  into  the  genotype 
probabilities  for  his  mother  Caroline.  We  now  recalculate  the  probabilities  for 
Elfrida  using  a  similar  method  to  part  (i).  To  do  this  wc  need  to  use  a  modified 
version  of  the  Theorem  of  Total  Probability: 

P{A)=  t  £(^  I  £,■)£(£.). 

i=  1 

The  modification  is  to  apply  the  theorem  to  the  reduced  event  space  defined  by  the 
occurrence  of  some  event  B.  In  other  words,  ail  events  are  conditional  on  the 
occurrence  of  event  B.  This  gives  the  modified  form 

P{A  I B)  =  t  •'’(■4  i  £.■  n  B)  P(E,  |  B).  (2.2) 

i=  1 

Now  let  the  event  B  be  the  event  that  Frank  is  genotype  MM  and  denote  this  by 
Fi .  Then  Equation  (2. 1 )  is  replaced  by 

P(Ej  \F,)=t  P{Ej  I  Q  n  f,)  P(C,  I F,),  j  =  I,  2,  3. 

i=  1 


You  can  verify  that  Result  (2.2) 
holds  by  applying  the  definition  of 
conditional  probability  to  each  term. 
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Now  if  Caroline’s  blood  group  is  known,  then  information  about  Frank  is 
irrelevant  to  Elfrida’s  blood  group,  so  P{Ej\Q  n  F^)  =  |  Q).  These  probabilities 

have  already  been  calculated  and  are  given  in  Table  2.1.  The  probabilities  P(ClF) 
were  calculated  above.  So  '  » l 

i=  1 

=  -P(£i  I  C,)P{C,  I  Fi)  +  P{Ei  I  C2)PiC2 1  fi) 

=  T^- 

Similarly, 

PiE2\Fi)  =  UiF^x^  =  ^ 

and 

i’(£3|£i)  =  0x§  +  ixi  =  ^. 

As  a  check,  P{E^  \  F,)  +  |  F^)  +  £(£3 1  Fi)  =  A  +  i  ^  =  1. 

The  conditional  probabilities  for  the  genotypes  MM,  MN,  NN  of  Elfrida  are  in  the 
ratios  5:6:1.  As  we  guessed,  the  probability  that  Elfrida  is  blood  group  M 

(genotype  MM)  has  increased  with  the  information  about  Frank-  the  increase  is 
from  i  =  0.375  to  =  0.417.  □ 

Question  2.5  If  Frank  had  been  blood  group  MN,  then  what  would  be  the 
probabilities  for  Elfrida’s  blood  group?  □ 

So  far  we  have  considered  applications  of  Mendel’s  First  Law  only  to  situations 
when  a  gene  has  just  two  alleles.  The  law  applies  in  exactly  the  same  way  when  a 
gene  has  multiple  alleles.  This  is  illustrated  in  Example  2.5,  which  deals  with  a 
family  tree  and  the  ABO  blood  group  system  described  in  Example  1.6. 

Example  2.5 

Figure  2.4  shows  a  family  tree  in  which  Graham  and  Helen  have  two  children,  Ian 
and  Jane.  Ian  and  his  wife  Karen  have  three  sons,  Liam,  Martin  and  Nigel.  All 
except  Jane  and  Liam  have  blood  tests;  the  resulting  blood  groups  (phenotypes) 
are  given  in  Figure  2.4.  Graham  and  Ian  are  phenotype  Ai  and  so  could  be 
genotype  AiA^,  A1A2  or  AjO  (A2  and  O  are  recessive  to  A^  and  the  blood  tests 
do  not  differentiate  these).  They  could  not,  however,  be  genotype  A^B,  for  if  so 
they  would  have  reacted  to  the  anti-B  serum. 


Figure  2.4  Blood  groups  (phenotypes) 


Some  genotypes  can  be  found  by  inspection  of  Figure  2.4. 

(i)  Nigel’s  A2  allele  must  be  inherited  from  his  father,  Ian  (his  mother,  Karen, 
being  phenotype  B),  so  Ian  is  genotype  A1A2. 

(ii)  Since  Ian  has  an  A2  allele,  it  must  be  inherited  from  his  father,  Graham  (his 
mother,  Helen,  being  phenotype  A^B),  so  Graham  is  also  genotype  A1A2. 

Question  2.6  What  are  Jane’s  possible  genotypes  and  phenotypes,  and  their 
probabilities?  □ 


The  only  two  remaining  members  of  the  family  whose  blood  group  genotypes  are 
in  doubt  are  Karen  and  Liam.  From  the  blood  tests,  Karen  can  be  either  genotype 
BB  or  BO.  To  make  progress,  we  shall  make  an  assumption  about  the 
probabilities  of  these  two  possibilities  prior  to  the  evidence  from  Martin  and  Nigel. 
Since  we  are  told  nothing  about  Karen’s  history,  we  shall  assume  that 
P(Karen  is  BB)  =  F(Karen  is  BO)  = 

(In  Section  3,  we  shall  see  how  we  can  make  a  more  realistic  assumption.)  The 
information  we  have  deduced  and  assumed  so  far  is  shown  in  Figure  2.5.  In 
particular,  this  shows  that  Martin  and  Nigel  both  inherited  an  A  allele  from  Ian 
and  a  B  allele  from  Karen. 


A1A2 


A, A,  :  1 
A,B 

A1A2  •  1 

A2B  :  1 


BB  ;  i 
BO  ;  [ 


Figure  2.5  Blood  group  genotypes 


Question  2.7 

(i)  Calculate  the  probability  that  Karen  is  genotype  BB  conditional  on  Martin’s 
and  Nigel’s  blood  groups. 

(ii)  Hence  calculate  the  ratios  of  the  probabilities  of  all  the  possible  phenotypes  of 
Liam.  □ 


2.2  Mendel’s  Second  Law 

Mendel’s  First  Law  is  concerned  only  with  inheritance  of  genes  from  a  single 
locus.  His  Second  Law  covers  inheritance  of  genes  from  several  loci  and  so  covers 
inheritance  of  several  different  characteristics.  The  law  is  sometimes  known  as  the 
Law  of  Independent  Assortment,  and  can  be  stated  as  follows, 


Some  important  exceptions  to  this 
law  are  discussed  in  Section  4. 


This  law  can  be  illustrated  by  considering  an  individual  who  is  heterozygous  with 
respect  to  each  of  two  features.  Suppose  that  his  genotype  is  Aa  with  respect  to  the 
first  feature  and  Bb  with  respect  to  the  second;  the  individual’s  genotype  can  be 
written  AaBb.  By  Mendel’s  First  Law  we  know  that  a  gamete  contains  allele  A 
with  probability  one  half  and  allele  a  with  probability  one  half.  This  can  be  written 
P{A)  =  P(a)  =  I 
Similarly, 

F(B)  =  P(b)  =  i. 

By  the  Second  Law,  alleles  at  different  loci  are  inherited  independently,  so  the 
probability  that  a  gamete  contains  alleles  A  and  B  is  i  x  ^  =  L  This  can  be 
written 

F(AB)  =  P{A)  X  F(B)  =  i, 
and  similarly 

F(Ab)  =  F(aB)  =  F(ab)  =  i 


Mendel’s  Second  Law 

The  alleles  of  different  genes  of  an  individual  divide  independently  of  each 
other  when  the  gamete  is  formed,  and  so  are  inherited  independently  by  an 
offspring. 


16 


Example  2.6 

In  some  of  his  experiments  Mendel  investigated  what  happened  to  plants  with  two 
different  characteristics.  He  cross-fertilized  two  pure  varieties,  one  having  round 
peas  with  yellow  seed  cotyledons,  and  the  other  having  wrinkled  peas  with  green 
seed’ cotyledons;  the  resulting  seeds  were  all  round  and  yellow,  showing  that 
round  and  yellow  are  dominant  and  wrinkled  and  green  are  recessive.  If  ‘round’ 
comes  from  allele  A,  yellow  from  allele  C,  ‘wrinkled’  from  allele  a  and  green  from 
allele  c,  then  the  genotypes  of  the  two  parent  varieties  can  be  written  AACC  and 
aacc  respectively.  The  Fj  seeds  will  all  be  genotype  AaCc.  Mendel  then  allowed 
these  seeds  to  self-fertilize.  The  possible  genotypes  of  the  offspring  are  shown  in 
Table  2.2.  As  each  gamete  has  a  probability  of  i,  each  genotype  has  a  probability 
of  i  X  i  =  iV  because  each  male  gamete  has  a  probability  of  one  quarter  of  joining 
with  a  female  gamete  of  any  particular  type.  The  resulting  phenotypes  are  given  in 
parentheses. 


Table  2.2  The  genotypes  (and  phenotypes) 
for  the  self-cross  AaCc  x  AaCc 


AC 

i 

Ac 

i 

aC 

1 

4 

ac 

1 

4 

AC 

AACC 

AACc 

AaCC 

AaCc 

i 

(AC) 

(AC) 

(AC) 

(AC) 

Ac 

AACc 

AAcc 

AaCc 

Aacc 

1 

4 

(AC) 

(Ac) 

(AC) 

(Ac) 

aC 

AaCC 

AaCc 

aaCC 

aaCc 

i 

(AC) 

(AC) 

(aC) 

(aC) 

ac 

AaCc 

Aacc 

aaCc 

aacc 

1 

4 

(AC) 

(Ac) 

(aC) 

(ac) 

Counting  from  Table  2.2,  we  find  that  the  probabilities  of  different  phenotypes  are 
P{AC)  =  -h,  P{Ac)  =  ^,  F(aC)  =  A,  P(ac)  = 

This  may  be  expressed  in  terms  of  the  ratios  of  probabilities  of  the  phenotypes  AC, 
Ac,  aC,  ac,  which  are  9: 3:3:1.  This  result  about  phenotypes  could  also  have  been 
obtained  using  Solution  2.2.  There  we  found  that  when  two  heterozygotes  for  a 
single  gene  are  crossed,  the  probability  that  the  offspring  is  the  dominant 
phenotype  is  |.  Hence,  for  the  pea  example, 

P(A)  =  F(C)  =  i 

and  so 

P(a)  =  P(c)  =  i 

So,  applying  Mendel’s  Second  Law,  we  have 
P(AC)  =  P(A)P(C)  =  -^, 

P(Ac)  =  P(A)P(c)  =  |xi  =  T^, 

P(aC)  =  ^,  P(ac)  =  Vg. 

Mendel  recorded  data  on  the  colour  and  shape  of  556  F2  peas;  these  are  shown  in 
Table  2.3. 


Table  2.3  Mendel’s  data  on  peas 


Round/Yellow 

Round/Green 

Wrinkled/Yellow 

Wrinkled/Green 

Total 

Observed 

315 

108 

101 

32 

556 

Expected 

'  312.75 

104.25 

104.25 

34.75 

556 

Below  the  figures  that  Mendel  observed  are  the  numbers  of  peas  that  would  be 
expected  from  Mendel’s  Second  Law.  For  example,  we  calculated  that  the 
probability  of  a  round  yellow  pea  is  and  of  556  is  312.75.  As  you  can  see, 
the  observed  and  expected  values  are  very  close.  □ 


Page  10 


A  dominant  phenotype  is  that 
associated  with  a  dominant  allele. 
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Sometimes  two  or  more  genes  are  involved  in  the  inheritance  of  some  particular 
characteristic.  This  is  the  case  in  the  inheritance  of  fatness  in  mice,  which  was 
introduced  in  Example  1.4. 

Example  2.7  Fat  mice 

Suppose  two  mice,  both  of  which  are  heterozygous  in  the  two  genes  for  fatness,  are 
crossed.  This  can  be  written  BbDd  x  BbDd.  What  is  the  probability  that  a 
resulting  offspring  is  fat? 

Solution 

Although  the  scenario  is  different,  the  calculations  in  this  example  are  exactly  the 
same  as  in  Example  2.6.  So  for  an  offspring  mouse,  the  probabilities  of  dominant 
phenotypes  B  and  D  are  each  and  the  probabilities  of  the  recessive  forms  b  and 
d  are  each  i. 

A  mouse  is  fat  if  it  has  either  (or  both)  of  the  recessive  phenotypes  b  or  d,  so,  with 
an  obvious  abuse  of  notation, 

P(mouse  is  fat)  =  P(b  u  d) 

=  P(b)  +  P(d)-P(bnd). 

By  Mendel’s  Second  Law,  inheritance  of  two  different  genes  is  independent,  so 
P(bnd)  =  P(b)P(d)  =  Vg. 

Hence,  the  probability  that  a  mouse  is  fat  is 
P(b  u  d)  =  i  +  i  -  tV  =  1^, 

and  the  probability  of  a  normal  mouse  is  1  -  =  ^.  This  result  could  also  have 

been  obtained  by  counting  the  cells  in  Table  2.2  that  contain  either  phenotype  a  or 
phenotype  c,  or  both — 7  of  16.  □ 

Another  more  complicated  inheritance  interaction  is  described  in  the  next  question. 

Question  2.8  Bateson  and  co-workers  crossed  two  pure  strains  of  white-flowered 
sweet  peas  in  1905.  They  found  to  their  surprise  that  all  the  F,  offspring  had 
purple  flowers.  After  further  experimentation  they  discovered  that  flower  colour 
depends  on  three  independently  segregating  genes,  with  dominant  alleles  A,  B  and 
C,  and  recessive  alleles  a,  b  and  c.  If  either  of  the  dominant  alleles  A  or  B  is  not 
present,  then  the  sweet  pea  is  white.  If  both  A  and  B  are  present,  then  the  flower  is 
coloured:  if  the  strain  has  phenotype  ABC,  then  the  flower  is  purple,  if  it  has 
phenotype  ABc,  then  it  is  red.  The  original  pure  strains  were  of  genotypes 
AAbbCC  and  aaBBcc,  respectively. 

If  the  Fi  offspring  are  allowed  to  self-fertilize,  what  are  the  probabilities  of  the 
different  colours  for  the  F2  generation  flowers?  □ 

Mendel’s  Second  Law  applies  to  most  pairs  of  genes.  However,  there  are 
important  exceptions  to  this  law  and  these  will  be  described  in  Section  4.  Before 
that,  in  Section  3,  we  shall  examine  how  Mendel’s  First  Law  enables  us  to  find  the 
proportions  of  different  genotypes  in  a  population. 
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3  Population  genetics 


In  Section  2  we  considered  the  genetics  of  single  families.  Mendel,  in  his 
experiments  on  peas,  started  from  pure  strains  so  that  he  knew  that  all  plants  were 
originally  homozygotes  (with  both  alleles  the  same)  and  so  they  would  breed  true. 
In  each  of  Examples  2.4  and  2.5,  we  considered  inheritance  only  within  the  one 
family.  We  did  come  up  against  a  difficulty  in  Example  2.5:  Karen  was  phenotype 
B  and  we  assumed  that  genotypes  BO  and  BB  were  equally  likely.  Was  this  a 
reasonable  assumption?  How  else  could  we  proceed?  An  answer  will  appear  in  this 
section,  in  which  we  shall  discuss  the  probabilities  of  different  genotypes  in  the 
population  as  a  whole,  and  find  out  how  they  change  from  generation  to 
generation. 


3.1  The  Hardy-Weinberg  Law  of  genetic  equilibrium 

Let  us  consider  the  inheritance  in  a  large  population  of  a  single  gene  which  has 
two  alleles,  A  and  a.  We  shall  assume  that  in  some  particular  generation,  the 
numbers  of  the  three  genotypes  AA,  Aa,  aa  occur  in  the  proportions  u:2v:w, 
where 

M  +  2y  +  w  =  1.  (31) 

So,  for  example,  the  probability  that  any  individual  chosen  at  random  from  this 
generation  has  genotype  AA  is  equal  to  u.  The  coefficient  2  in  the  term  2v  is 
introduced  purely  for  convenience;  it  avoids  the  coefficient  i,  which  would 
otherwise  arise  in  the  calculations. 

We  shall  assume  also  that  this  population  reproduces  in  discrete  generations  by 
random  mating.  This  means  that  a  set  of  individuals  can  be  identified  as  belonging 
to  a  particular  generation  and  that  an  individual  chooses  a  mate  at  random  from 
the  same  generation.  The  discrete  generation  assumption  applies  to  most  plants 
and  many  animals,  though  not  to  humans.  The  random  mating  assumption  applies 
to  many  genes  like  those  relating  to  blood  group  or  to  phenylthiocarbamide 
tasting  in  the  human  population,  since  these  features  are  hardly  likely  to  affect  the 
selection  of  a  mate;  there  are  some  features,  perhaps  height  for  example,  to  which 
random  mating  does  not  apply. 

It  is  also  assumed  that  the  genotype  proportions  u :  2i; :  w  in  this  specific  generation 
hold  separately  for  each  sex.  Thus,  since  the  population  is  large,  this  means,  for 
example,  that  the  probability  that  an  individual  selects  a  mate  with  genotype  AA  is 
equal  to  u.  We  shall  calculate  the  proportions  Ui :  2vi :  Wi  (u^  +  2v^  +  wj  =  1)  of 
the  genotypes  AA,  Aa,  aa  in  the  next  generation.  There  are  six  possible 
combinations  of  genotypes  for  the  parents.  For  example,  the  combination 
AA  X  AA  will  occur  with  probability  and  Aa  x  aa  with  probability 
2  X  2r  X  w  =  4vw.  These  possibilities  are  shown  in  Table  3.1,  together  with  the 
probabilities  for  the  different  genotypes  for  their  offspring.  These  are  derived  as  in 
Section  2. 


Table  3.1 


Parents 

Mating  type  Probability 

Probability  of 
genotype  of  offspring 

AA  Aa  aa 

AA  X  AA 

I' 

0 

0 

i 

AA  X  Aa 

4uv 

i 

1 

2 

0 

-  1 

AA  X  aa 

2uw 

0 

1 

0 

1 

Aa  X  Aa 

i 

4 

1 

2 

1 

4 

Aa  X  aa 

Avw 

0 

i 

,2 

aa  X  aa 

0 

0 

1 

t. 

Note  that  the  probabilities  of  the  different  mating  types  sum  to  (m  +  2i;  +  wf, 
which  is  equal  to  1  by  Condition  (3.1). 


We  can  now  calculate  the  probability,  Uj,  that  an  individual  of  the  next  generation 
is  of  genotype  AA,  using  the  Theorem  of  Total  Probability  and  the  values  in 
Table  3.1.  We  have 

Ui  =  P(AA)  =  Yj  P(AAj  mating  type)  Pfmating  type) 

mating 

type 

=  1  X  +  ^  X  4uv  +  i  X 
-  (U  +  V)\ 

Similarly,  for  the  other  two  genotypes: 

2vi  =  P(Aa)  =  i  X  4ui;  +  1  x  2mw  +  i  x  4y^  +  ^  x  41?^ 

=  2(u  +  i))(u  +  w) 

and 

Wi  =  P(aa)  =  i  X  4u^  +  i  X  4dw  +  1  x 
=  (y  +  w)2. 

The  sum  of  the  three  probabilities  is 

Ui  +  2Vi  +  Wi  =  {(«  +  y)  +  (y  +  w))^ 

=  (m  +  2y  +  w)^ 

=  1,  by  Condition  (3.1), 
which  is  what  we  should  expect. 

Now  let  us  calculate  the  proportions  of  the  genotypes  in  the  second  generation, 

U2 :  2v2  :  Wj.  It  is  not  necessary  to  repeat  all  the  calculations;  we  need  only  replace 
M  by  Ml,  y  by  yj  and  w  by  Wi  in  the  right-hand  sides  of  the  formulas  we  have 
already  calculated  for  the  first  generation.  This  gives 

«2  =  (mi  + 

=  ((u  -h  vf  -h  (u  +  y)(y  +  w))^ 

=  (m  -I-  y)2(M  -H  y  +  y  +  w)^ 

=  (m -I- y)^,  using  Condition  (3.1), 

=  M,. 


Question  3.1  Show  that  yj  =  yi  and  Wa  =  w,.  What  are  the  values  of  M3,  v^,  W3 
and  of  M„,  y„,  w„  for  any  positive  integer  n?  □ 


We  have  obtained  the  fundamental  result  of  population  genetics.  It  can  be 
expressed  more  clearly  by  writing  m  +  y  =  p,  and  y  -i-  w  =  ^,  so  that  p  -I-  ^  =  1. 
Then 

Ml  =  p2,  2yi  =  2pq,  Wj  =  q^. 

Furthermore,  the  proportions  of  the  different  genotypes  AA,  Aa,  aa  in  all 
subsequent  generations  remain  fixed  at  the  values 
p^:2pq:q^. 

This  result  was  first  noted  by  G.  U.  Yule  in  1902  for  the  special  case  when 
p  =  (?  =  it  was  proved  for  various  numerical  values  by  W.  E.  Castle  in  1903  and 
proved  in  the  general  case  in  1908  by  both  G.  H.  Hardy  working  in  Cambridge 
and  W.  Weinberg  working  independently  in  Germany.  The  result  is  known  as  the 
Hardy-Weinberg  Law,  and  can  be  expressed  as  follows. 


The  Hardy-Weinberg  Law 

Suppose  that  a  large  population  reproduces  in  discrete  generations  by 
random  mating.  Suppose  also  that  a  gene  at  a  particular  locus  has  two 
alleles,  A  and  a,  and  that  at  one  particular  generation  the  proportions  of 
genotypes  AA,  Aa,  aa  are  m  :  2y :  w.  Then,  in  all  subsequent  generations,  the 
proportions  of  these  genotypes  are  p^ :  2pq:q^,  where  p  =  u  +  v,  q  =  v  +  w. 


(Note  that  the  use  of  the  word  ‘proportions’  implies  that  the  individual 
proportions  sum  to  one.  Also  note  that  these  proportions  are  the  terms  of  the 
expansion  of  (p  +  q)^.) 


The  significance  of  p  and  q  is 
revealed  in  Question  3.2. 


G.  H.  Hardy  1877-1947 
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Populations  with  overlapping  generations,  like  the  human  one,  do  not  satisfy  the 
discrete  generation  assumption  of  the  Hardy- Weinberg  Law.  However,  the  result 
of  the  law  that  the  proportions  of  genotypes  AA,  Aa,  aa  remain  constant  from 
generation  to  generation  does  hold  for  populations  with  overlapping  generations. 
Any  population  with  genotypes  AA,  Aa,  aa  in  the  proportions  p^:2pq:q^  is  said  to 
be  in  Hardy-Weinberg  equilibrium.  The  proportions  are  referred  to  as  equilibrium 
proportions. 

Question  3.2  Calculate  the  proportions  of  the  two  alleles  A  and  a  in  the  initial 
and  subsequent  generations.  □ 

There  are  many  important  consequences  of  the  Hardy-Weinberg  Law.  One  is  that 
if  the  proportions  p  and  q  of  the  two  alleles  A  and  a  in  the 
population  are  known,  then  the  equilibrium  proportions  of  the 
genotypes  AA,  Aa,  aa  can  be  calculated  directly,  as  p^:2pq:q^. 

(Allele  proportions  are  often  called  ‘gene  frequencies’.) 

Question  3.3  The  proportion  of  the  (phenylthiocarbamide)  tasting  allele  T  in  a 
population  is  approximately  0.6  (see  Example  1.2).  Write  down  the  probabilities  of 
the  different  genotypes  in  the  equilibrium  population.  What  proportion  of  the 
population  are  tasters?  □ 


W.  Weinberg  1862-1937 


Unlike  other  situations  that  we  have  studied  during  this  course,  equilibrium  is 
reached  after  only  one  generation  and  the  population  then  remains  in  equilibrium. 
For  this  reason,  it  will  be  assumed  from  now  on  that  all  populations  are  in 
Hardy-Weinberg  equilibrium,  unless  there  is  reason  not  to  do  so. 

One  of  the  implicit  assumptions  made  when  random  mating  was  discussed  was 
that  the  population  was  large  and  so  the  probabilities  of  different  matings  could  be 
assumed  to  be  the  same  as  proportions  of  matings  in  the  population.  If  the 
population  is  small,  then  there  will  be  slight  variations  in  the  proportions  of 
different  matings  (see  Table  3.1),  and  hence  of  genotypes,  from  one  generation  to 
another,  due  to  sampling  variation;  but  the  proportions  will  always  tend  to  remain 
close  to  the  equilibrium  values.  However,  we  shall  not  consider  small  populations 
in  this  unit. 

Another  very  important  consequence  of  the  Hardy-Weinberg  Law  is  that 
there  is  no  tendency  for  recessive  alleles  to  disappear. 

One  might  imagine,  at  first,  that  a  dominant  allele  would  tend  to  take  over  the 
recessive  form,  so  that  the  proportion  of  individuals  with  the  dominant  phenotype 
would  increase  from  one  generation  to  the  next.  But  the  Hardy-Weinberg  Law 
shows  that  the  proportion  of  the  recessive  allele  remains  constant,  equal  to  q,  and 
the  proportion  of  aa  genotypes  remains  at  q^. 

Another  point  worth  mentioning  is  that  if  a  recessive  allele  a  is  rare  and  perhaps 
lethal,  then  removal  or  death  of  individuals  with  the  homozygous  genotype  aa  will 
have  very  little  effect  on  the  population  proportions.  For  example,  if  p  =  0.99  and 
q  =  0.01,  then  the  genotypes  AA,  Aa,  f  a  occur  in  proportions 
0.9801:0.0198:0.0001. 

So  almost  all  the  recessive  alleles  occur  in  heterozygous  genotypes  Aa. 
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Multiple  alleles 

The  Hardy-Weinberg  Law  has  been  proved  for  the  case  where  a  gene  can  take 
just  two  forms.  The  result  also  applies  to  genes  with  multiple  alleles.  Suppose,  for 
example,  that  a  gene  has  three  forms,  Aj,  A2  or  A3,  and  that  initially  the 
proportions  of  the  genotypes  A^A^,  A1A2,  A2A2,  A2A3,  A3A3  are 

a:2b:2c:d:2e\f, 

where 

a  +  2b  +  2c  +  d  +  2e-\-f=  1. 

The  allele  proportions  can  be  obtained  exactly  as  in  the  two-allele  case.  The 
proportion  p  of  allele  A^  is 

p  =  P(allele  Ai) 

=  P(allele  Ai  I  genotype) P(genotype) 

genotype 

=  1  xa  +  ^x2b  +  ^x2c 
=  a  +  b  +  c. 

Similarly,  the  proportions  q  and  r  of  alleles  A2  and  A3  are 
q  =  b  +  d  +  e,  r^c  +  e+f, 
where  p  ^  -I-  r  =  1. 

The  possible  matings  which  can  result  in  an  offspring  of  genotype  AiA,,  together 
with  their  probabilities,  are  set  out  in  Table  3.2. 


Table  3.2 


Parents 

Mating  type  Probability 

Probability  that  offspring 
is  of  genotype  A, A, 

AjAj  X  AjAj 

1 

AjAj  X  AjA2 

4ab 

AiA^  X  AjAj 

4ac 

i 

AjA2  X  A1A2 

4b^ 

i 

A1A2  X  A1A3 

8bc 

i 

A1A3  X  A1A3 

4c^ 

i 

So,  altogether,  the  probability  that  a  member  of  the  next  generation  is  of  genotype 
AjAj  is 

+  i{4ab  +  4ac)  -f-  i{4b^  +  She  +  4c^)  =  +  b^  +  +  2ab  +  2ac  +  2bc 

=  {a  +  b  4-  c)^ 


Question  3.4  Show  that  the  probability  that  a  member  of  the  next  generation  is 
of  genotype  A1A3  is  equal  to  2pr.  □ 

The  probabilities  of  other  genot'^es  can  be  obtained  simply  by  interchanging 
letters.  It  follows  that,  after  one  generation,  the  probabilities  of  the  genotypes 
AiAi,  AjA2,  A1A3,  A2A2,  A2A3,  A3A3  are 
p^:2pq:2pr:q^:2qr:r^. 

The  genotypes  recur  in  these  proportions  for  all  succeeding  generations; 
Hardy-Weinberg  equilibrium  has  once  again  been  reached  after  one  generation. 

The  equilibrium  principle  extends  to  any  number  of  alleles.  It  enables  us  to 
calculate  the  probabilities  of  different  phenotypes  when  the  allele  proportions  are 
known. 

Example  3.1  Rabbit  fur  colour 

The  genetic  mechanism  by  which  fur  colour  is  determined  was  described  in 
Example  1.7  and  summarized  in  Table  1.1.  If  the  proportions  of  the  alleles  C,  c'^ 
c  ,  c  are  0.5.0.25:0.15i0.1,  what  are  the  probabilities  of  the  different  fur  colours  in 
a  rabbit  population? 


These  probabilities  are  the  terms  in 
the  expansion  of  (p  +  ^  +  r)^. 


Page  9 
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Solution 


The  easiest  probabilities  to  calculate  are  those  for  chinchilla  and  albino,  each  of 
which  is  a  homozygote.  Chinchilla  is  genotype  c‘'V^  so 

P(chinchilla)  =  0.25^  =  0.0625 
and,  similarly,  since  albino  is  genotype  cc, 

P(albino)  =  0.1^  =  0.01. 

Himalayan  rabbits  occur  with  genotype  c''c*’  or  c''c,  so 
P(Himalayan)  =  0.15^  +  2  x  0.15  x  0.1 
=  0.0525. 

Light-grey  colour  occurs  with  genotype  or  c®**c,  so 
P(light-grey)  =  2  x(0.25  x  0.15  +  2  x  0.25  x  0.1 
=  0.125. 

Finally,  normal  grey  colour  occurs  whenever  the  allele  C  is  present  in  either  the 
homozygous  or  the  heterozygous  form.  Since  the  probability  that  allele  C  is 
present  is  0.5,  the  probability  that  it  is  not  present  is  also  0.5.  So 

P(normal  grey  colour)  =  1  -  P(no  C  allele  is  present) 

=  1  -  (0.5)2  ^  0.75. 

As  a  check,  0.0625  -h  0.01  +  0.0525  +  0.125  +  0.75  =  1.  □ 

The  Hardy-Weinberg  Law  can  also  be  applied  to  calculate  probabilities  of  the 
type  discussed  in  the  following  example. 

Example  3.2 

The  (equilibrium)  population  proportions  of  the  blood  group  alleles  M  and  N, 
which  were  introduced  in  Example  1.5,  are  0.3  and  0.7.  If  John  is  genotype  MM, 
what  are  the  probabilities  for  the  different  genotypes  for  his  son  Keith? 

Solution 

Since  John  is  genotype  MM,  Keith  must  inherit  one  M  allele  from  his  father.  We 
know  nothing  about  the  blood  of  Keith’s  mother;  but,  since  we  know  the 
population  allele  proportions,  it  is  reasonable  to  assume  that  the  allele  he  inherits 
from  his  mother  is  M  with  probability  0.3  or  N  with  probability  0.7.  (There  is  no 
need  to  consider  all  possible  genotypes  for  the  mother.)  So  John  is  genotype  MM 
with  probability  0.3  or  genotype  MN  with  probability  0.7.  n 

In  Example  2.5  we  assumed  that  the  possible  genotypes  for  Karen’s  blood  were 
equally  likely.  A  more  realistic  assumption  could  be  based  on  the  population  allele 
proportions. 

Question  3.5  If  Ruth  is  genotype  MN,  what  are  the  probabilities  for  the 
genotypes  of  her  daughter  Sarah  (assuming  that  population  blood  group  allele 
proportions  are  as  above)?  □ 

3.2  Examples  of  population  genetics 

In  the  audio-tape  session  we  shall  work  through  some  examples  which  involve  the 
use  of  conditional  probability  and  Bayes’  Theorem. 

Note  that  on  the  tape,  the  usual  notation  has  sometimes  been  changed.  For 
example  in  Frame  1,  the  non-tasting  allele  is  labelled  n  instead  of  t.  This  is  for 
clarity  on  the  audio-tape,  though  the  use  of  a  lower-case  letter  for  a  recessive  gene 
has  been  retained. 


Now  switch  on  the  tape. 


Problem  1  Phcnylthiocarbamide  tasting 

Tom  is  a  taster.  If  the  T and  n  allele  proportions  are  0.6  :  0.4, 
what  is  the  probability  that  Tom  is  a  homozyyote,  genotype  TT  ? 

Solution 

The  required  conciitional  probability  is 


P(TT|tasler)=£iI!i^i^ 

'  P(taster) 

By  the  Hardy -Weinberg  Law, 

P(TT)  =  and 


Simplify  the  numerator 


P(  taster) 


P(Tn)  = 


so 


P(taster)  = 

Therefore 
P(TT  I  taster)  = 


Problem  2  The  ABO  blood  group  system  ^i^See^Exa^e  1.6. 

Anne  (phenotype  A^)  marries  Barry  (phenotype  b).  What  are  the  possible 
genotypes  for  their  daughter  Caroline^  and  their  probabilities  if  the 
proportions  of  the  alleles  Ai,  Az,  B,  0  are  0.3  : 0,2  :  0.1  :  0.4  ? 

Method 

Step  1  List  the  possible  genotypes  for  Anne,  Barry  and  Caroline. 

Step  2  Find  the  probabilities  of  the  parents’  jjenotypes  conditional  on  their  blood  groups. 
Step  3  Find  the  probabilities  of  the  possible  genotypes  for  Caroline. 

Solution 

Step  1  The  possible  genotypes  are 


Anne: 

Barry; 

Caroline: 


1 
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^  step  2  Find  fhe  probabilities  of  the  parents’^enotj^pes  conditional  on  their  blood  groups, 
b\j  the  definition  of  conditional  probability, 


P(Anne  is  A2 1 A2 )  = 


P(A2  A2)  = 

50 

P(Anne  is  A2  A2I A2)  = 
and  = 

PfAnnc  is  A2OIA2)  = 
Similarly, 

P(BB)=|  ]  ar 

so  I — 

PfBarry  isBB|B)  = 

and  I — 

P(Barry  is  B0|B)  = 


P(A20)  = 


P(BO)  = 


Step  3  Find  the  probabilities  of  the  possible  genotypes  for  Caroline. 

There  are  four  possibilities  for  the  genotypes  of  Anne  and  Barry,  denoted 

^})  ^3,  ^4-  Genotype  probability  for  Caroline 

Event  Anne  Barry  Probability  A2B  A2O  BO  00 

El  A2A2  BB _  10  0  0 

E2  A2  A2  BO 

E3  A2O  BB 


E4  A2O  BO  I _ J  .  '  I 

By  the  Theorem  of  Totol  Probability, 

4 

PCCaroline  is  A2B)  =  E  P(Caroline  is  A2  BIE,-)  P(Ej) 

i=i 


Similarly , 

PfCaroiineis  A2O)  = 
P(Caroline  is  BO)  = 
PCCaroline  is  00)  = 
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Problem  3  How  alike  are  two  brothers  ? 

If  Robin  \sa  heferozj^gofc  AB,  what  are  the  probabilities  of  the  possible 
genotypes  of  his  brother  Simon  when  the  A  and  B  allele  proportions  in 
the  population  are  p'C[? 

Solution  ^ 

Step  1  Find  a  child’s  genotype  probobilities  conditional  on  his  parents’  genotypes. 

Unconditional  P  (child’s  genotype  |Ej) 


P  +  <1 


AA  AB  BB 


Event  Parents  probabilities  P(E|) 

E,  AAxAA 
Ez  AAxAB 

E3  AAxBB  _ _ 

E4  ABxAB 

■i — ^ — '•  I , 

£5  ABxBB 
E,  BBxBB 


Step  Z  Find  Simon’s  genotype  probabilities  conditional  on  Robin’s  genotype  being  AB 

P(5imon  AA  I  Robin  AB)  =  .P(5imon  AAn  Robin  AB) 

P  (Robin  AB^ 

By  the  Theorem  of  Total  Probability, 

P (Simon  AA  n  Robin  AB) 

6 

"  E  P(Simon  AAn  Robin  ABlEj)  P(Ei) 

i  =  i _ 

=  0  X  p"^  +  r 


By  the  Hardy -IVeinbery  Law, 

P (Robin  AB)=  , 
so  P(Simon  AA  I  Robin  AB)  = 

By  symmetry^  PfSimon  BB  |  Robin  AB)  = 
Similarly,  P(5imon  AB  n  Robin  AB)  = 
so  P(Simon  AB  I  Robin  AB)  ^ 


Check  that  ^ 
your  three  ^ 
probabilities 
sum  to  1.  ^ 


26 


Problem  4  What  genotype  is  your  mother  ? 

Sisters  Jane  and  K^^ren  are  found  to  be  genotypes  AA  and  AB  respectively. 
What  are  the  probabilities  for  their  mother  s  genotype  if  the  allele 
proportions  of  A  and  B  are  p;q  ? 

Solution 

Step  1  The  possible  genotypes  of  the  parents  are 
Mother  Father 


Find  the  children’ 

Mother 

Father 

AA 

AB 

AB 

AA 

AB 

AB 

Step  2  Find  the  childrens  genotype  probabilities  conditional  on  the  parenfs’genotypes. 

Children 

Event  Mother  Father  P(Ei)  AA  AB  BB  P(JandK|E,) 

El  AA  AB  n  ■■  I  •  I 


step  3  Find  the  (conditional)  genotype  probabilities  for  Jane  and  Karen’s  mother. 
P(Mother  AA|j  and  K)  = 


By  the  Theorem  of  Total  Probability, 
3  _ 

P(JandK)=  Z  P( 

i  ==1 


P (Mother  AA  n  J and  K)  =  P (E,  n  J  and  K) 


P(Mofher  AA|jand  K)  = 
P(Mother  BB|jandK)  = 
P(Mother  AB  |j  and  K)  = 


p,__l  ,  ^  _  P(TTntqster)  _ 

P  (taster)  PCtaster) 

By  the  Hardy -IVeinbery  Law, 

P(TT)  =  0.6^  =  0.36  and  P(Tn)  =  Z  x  0.6  x  0.4  =  0.48  , 


P(tasfer)  =  0.36  +  0.48  =  0.84  . 


Therefore 


P(TT  I  taster)  = 


0.36 

0.84 


=  0.429 


^  Step  1 


Anne:  A2A2,  A^O 

Barry;  BB,  BO 

Corolm:  A2B,  A2O,  BO,  00 


^  Step  2 


P(Anne  is = 


P(A2  A2  n  blood  group  A; 
P(bIood  group  A2) 


_  P(A2A2) 
P(b!ood  group  A2) 


P(A2  A^)  =  0.2^  =  [o_^  and  P(A^O)  =  2 x  0.2  x  0.4  =  [oJ6 
P(Aiin.iiA,A,|A;).  1^  °[T 

PfAnne  i5  A^  0  Ia^)  =  4 


P(BB)=0.I^  =  0.01  and  P(BO)  =  2  x  0.1  x  0.4  =  0.08 


PfBarryisBBjB)  =  -i 


P(Barry  15  BO|B)  = 


28 


^  step  3 

Event  Anne  Barry  Probability  A2B  A^O  BO  00 

El  A^Az  BB  1  0  o  o 

Ez  ^zAz  BO  J  J  0 

E3  AzO  BB  ^  0  Y 

£4  AzO  BO  ^  _j _ 2 _ ^ 

P(CarolirieisAzB  )  =  xl+^x^  +  ^^xl  +  ^xj 

=  HI 

45 

a  /\\  12. 


P(Caroliiie  is  A2O)  = 
P(Caroline  is  BO)  = 
P(Caro\m  is  00)  = 


AA  AB  BB 


4p\ 


1 

2 

2 

0 

0 

D 

0 

HH 

1 

4 

0 

1 

2 

2 

0 

0 

n 

P(Simon  AA  n  Robin  AB) 


=  Oxp'*+  4  X  4p^c{  +  0  X  2.p^o^^  +  g  X  4p^q^  +  0  x  4pq^  +  Oxq'* 

n  2  2| 

=  p  (1  +  2P  q 


P{RobinAB)=  2pq 

P(Simon  AA  iRobin  AB)  =  (  p\ +  ?pV  ) /^pq  =  i(2p^+pq) 

P(Simon  BB  [Robin  AB)  =  (2c[^  +  pq) 

P(Simon  ABn  Robin  AB)  =  ^  x  4p\  +  JxZp\^  +  i  x  4p^ci^  +  i  x  4pq' 


3  ,  -  Z  2  3 

=  p  q  +  3p  q  +pq 


P(SimonAB  Robin  AB)  =  UJ^^^pq +q'')  or  j+jPi 
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Event 

El 

Ez 

E3 


Mother  Father 

AA  AB 

AB  AA 

AB  AB 


P(Ei) 


AA  AB  BB 


P 


2pcjxp' 


(2pq)' 


P(Jand  K|Ej) 


A 
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2 

1 

2 

0 

t 

2 

1 

2 

0 

1 

4 

2 

1 

4 

J.  y 

Z  Z 


y  -L 

2  ^  Z 


y  -L 

4^2 


9A 


P(Mother  AA|J  and  K)  = 


PfMother  AAnJandK) 

P(Jaiid  K) 

POandK)  =  E  P 

i  =  l 


Jand  K 

E, 

)  P( 

Ei 

1  0^.1  o3l  .22 

=  4  X  2p  q  +4  x2p  q  +8  x4p  q 


(2p+q) 


P(MotherAAn  JcindK)  =  P(Ei  n  J^ind  K) 


K 

Jand  K  E, 

t  3 

z?  ^ 

P(Mother  AAjJand  K)  = 


1  3 

ZP^ 


jp^q(Zp-Kii)  ^P"^^ 


P(Mother  BB  |j and  K)  = 
P(Mother  AB  [jciridK)  = 


4  Linkage 

In  Subsection  2.2,  Mendel’s  Second  Law  was  introduced;  this  states  that  aheles  of 
different  genes  are  inherited  independently  of  each  other.  In  all  Mendel’s 
experiments  this  was  found  to  be  the  case,  but  there  are  important  exceptions  to 
the  Second  Law,  which  are  described  in  this  section.  To  understand  the  reasons  for 
the  exceptions  we  need  to  return  to  the  biological  mechanism  of  reproduction  and 
discuss  it  in  a  little  more  detail.  In  Subsection  4.1  we  discuss  the  way  in  which  the 
inheritance  of  certain  single  characteristics  depends  on  the  sex  of  the  offspring;  this 
is  known  as  sex  linkage.  Secondly,  in  Subsection  4.2,  it  is  shown  how  in  some 
other  cases  there  is  a  linkage  between  the  inheritance  of  two  different 
characteristics. 
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4.1  Sex  linkage 


As  you  learned  in  Subsection  1.2,  the  two  chromosomes  in  every  pair  but  one  are 
comparable  in  all  their  features  and  can  be  thought  of  as  interchangeable.  In  one 
pair,  which  are  known  as  the  sex  chromosomes,  the  two  are  comparable  in  one  of 
the  sexes,  but  in  the  other  sex  one  chromosome  is  much  shorter  than  the  other.  In 
mammals,  including  man,  the  female  has  two  similar  long  chromosomes  which  are 
known  as  X  chromosomes,  whereas  the  male  has  one  long  X  chromosome  and  one 
short  Y  chromosome,  which  form  an  XY  chromosome  pair.  In  the  fruit  fly 
{Drosophila  melanogaster)  the  situation  is  the  same:  the  female  has  two  X 
chromosomes  and  the  male  carries  one  X  and  one  Y  chromosome;  Figure  4.1 
shows  a  diagram  of  the  nuclei  of  cells  of  male  and  female  fruit  flies.  In  birds,  fish 
and  amphibians,  the  XY  chromosome  pair  appears  in  the  female  and  the  XX  pair 
in  the  male. 


Female  Male 


Figure  4.1  Nuclei  of  cells  of  the  fruit  fly 


What  happens  to  the  sex  chromosomes  when  cell  division  by  meiosis  occurs  in  the 
reproductive  organs?  It  will  be  assumed  that  we  are  discussing  an  organism  such 
as  man  where  the  female  has  two  X  chromosomes  and  the  male  has  an  XY  pair. 

In  fact,  meiosis  occurs  in  exactly  the  same  way  with  the  sex  chromosomes  as  with 
any  other  pair  of  chromosomes.  For  the  female,  the  pair  separates,  each 
chromosome  reproduces  itself  exactly  and  then  each  of  the  four  X  chromosomes 
goes  into  a  different  female  gamete  or  egg.  However,  for  the  male,  the  XY 
chromosome  pair  separates,  the  X  and  Y  chromosomes  both  reproduce  themselves, 
and  then  the  two  X  chromosomes  and  the  two  Y  chromosomes  go  to  four  different 
male  gametes  or  sperms.  So  half  the  sperms  contain  X  chromosomes  and  half  the 
sperms  contain  Y  chromosomes.  The  situation  is  summarized  in  Figure  4.2,  in  a 
simple  case  involving  only  two  chromosome  pairs. 


After  mating,  the  zygote  of  the  offspring  will  receive  an  X  chromosome  from  the 
female  gamete  and  either  an  X  or  a  Y  chromosome  from  the  male  gamete.  If  it 
receives  an  X  chromosome  from  the  sperm,  then  the  zygote  contains  two  X 
chromosomes  and  will  develop  into  a  female;  if  it  receives  a  Y  chromosome  from 
the  sperm,  then  the  zygote  contains  one  X  and  one  Y  chromosome  and  will 
develop  into  a  male. 


See  Figure  1.4. 
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The  X  chromosome  is  like  any  non-sex  chromosome  and  carries  a  number  of 
genes  at  different  loci,  but  the  short  Y  chromosome  is  practically  inert  genetically 
and  carries  no  genes.  So  a  female  will  have  a  pair  of  genes  at  a  particular  locus  on 
her  two  X  chromosomes,  but  a  male  will  only  have  one  gene  at  that  locus  on  his 
one  X  chromosome.  A  daughter  will  inherit  one  gene  from  her  mother  and  one 
from  her  father’s  X  chromosome  to  make  up  her  pair.  A  son  will  inherit  only  one 
gene  at  the  particular  locus  on  his  X  chromosome,  and  this  is  inherited  from  his 
mother.  A  gene  carried  on  the  X  chromosome  is  said  to  be  sex-linked;  a  simple 
example  of  this  follows. 


Example  4.1  Colour-blindness 


Colour-blindness  can  be  thought  of  as  due  to  a  single  recessive  allele  c  which  is 
carried  on  the  X  chromosome;  the  normal  colour  vision  allele  C  is  dominant.  So  a 
female  of  genotype  CC  or  Cc  has  normal  vision;  only  the  homozygote  cc  is 
colour-blind.  But  a  male  has  only  one  X  chromosome,  and  so  the  genotype  and 
phenotype  are  the  same.  If  the  allele  is  C,  he  has  normal  colour  vision;  but  if  it  is 
c,  he  is  colour-blind. 


There  are  different  types  of  colour¬ 
blindness;  inheritance  is  more 
complicated  than  is  suggested  in  this 
simplified  model. 


Suppose  that  a  man  with  normal  vision  marries  a  woman  who  also  has  normal 
vision  and  so  is  phenotype  C;  suppose  also  that  she  is  a  heterozygote  Cc.  The 
possible  genotypes  for  their  children,  together  with  their  probabilities,  are  shown  in 
Figure  4.3.  All  daughters  inherit  a  C  allele  from  their  father  and  so  are  phenotype 
C  and  thus  have  normal  vision.  However,  half  of  them  have  a  recessive  c  allele  and 
are  said  to  be  ‘carriers’  of  colour-blindness.  The  sons  inherit  only  a  single  X 
chromosome  from  their  mother;  so  the  probability  that  a  son  inherits  a  C  allele 
and  so  has  normal  vision  is  one  half,  and  the  probability  that  he  is  colour-blind  is 
one  half.  □ 


C  X  Cc 


Figure  43  The  inheritance  of  colour-blindness 


Question  4.1  Determine  the  possible  phenotypes  of  the  offspring  of  a  colour-blind 
man  and  a  normal  homozygous  woman,  and  their  probabilities.  □ 

You  can  see  from  Example  4.1  and  Solution  4.1  how  a  woman  can  be  a  carrier  for 
colour-blindness  without  suffering  from  it  herself.  If  a  colour-blind  man  marries  a 
normal  (CC)  woman,  then  all  the  sons  are  normal,  but  all  the  daughters  are 
carriers,  as  you  found  in  Question  4.1.  If  one  of  these  daughters  marries  a  man 
with  normal  vision,  half  her  sons  will  be  colour-blind,  as  you  saw  in  Example  4.1. 
So  colour-blindness  has  skipped  a  generation  and  reappeared  in  the  grandsons  of 
the  original  man.  As  the  recessive  gene  is  uncommon,  it  is  rare  to  find  a  colour¬ 
blind  woman,  who  must  have  genotype  cc.  This  point  will  be  taken  up  again 
shortly  when  the  Hardy- Weinberg  theory  is  applied  to  sex-linked  genes. 

Another  example  of  a  sex-linked  gene  is  that  which  determines  colour  in  cats. 
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Example  4.2  The  sex  of  tortoiseshell  cats 

The  orange  (or  marmalade)  colour  of  cats  is  carried  by  the  allele  O  of  a  sex-linked 
gene.  The  other  allele,  T,  which  is  codominant,  produces  a  non-orange  colour 
(black,  tabby,  etc.).  Cats  with  phenotype  O  are  orange  coloured;  those  with 
phenotype  T  are  non-orange;  but  heterozygotes  OT  are  tortoiseshell. 

Question  4.2  Can  a  male  cat  be  tortoiseshell?  □ 

Question  4.3  If  an  orange  male  is  mated  with  a  tortoiseshell  female,  what  are  the 
possible  colours  of  their  offspring  and  what  are  the  probabilities  of  their 
occurrence?  □ 

Hardy-Weinberg  equilibrium 

Now  that  we  know  the  mechanism  of  inheritance  for  sex-linked  genes,  we  can 
move  on  to  consider  the  allele  proportions  of  such  genes  in  a  population  and 
whether  they  change  from  generation  to  generation.  Since  the  pattern  may  be 
different  in  the  two  sexes,  we  shall  start  with  different  allele  proportions  of  sex- 
linked  genes  in  the  two  sexes.  Using  colour-blindness  as  an  example,  suppose  that 
in  generation  zero,  the  genotypes  of  females  CC,  Cc  and  cc  occur  in  proportions 
u:2v:w,  where  u  2i!  -I-  w  =  1.  Also  let  the  proportions  of  alleles  C  and  c  in 
females  in  generation  zero  be  denoted  by  p  and  q;  then  (as  before) 

u  +  v  =  p,  v  +  w  =  q  and  p-l-q  =  «-t-2u-l-w=l. 

Since  males  carry  only  a  single  gene  on  their  X  chromosome,  we  need  specify  only 
the  allele  proportions;  it  will  be  assumed  that  in  generation  zero  alleles  C  and  c 
occur  in  males  in  the  ratio  x-.y,  where  x  -I-  y  =  1.  It  follows  that  for  generation 
zero,  the  probability  that  a  male  has  normal  vision  is  equal  to  x  and  the 
probability  that  he  is  colour-blind  is  equal  to  y. 

Using  methods  similar  to  those  in  Section  3,  we  now  calculate  the  probabilities  of 
different  genotypes  in  the  next  generation.  We  must  consider  sons  and  daughters 
separately. 

The  possible  parental  genotypes  with  their  probabilities  are  shown  in  Table  4.1. 
Table  4.1 


Parents 

Father  Mother  Probability 


c 

CC 

XU 

c 

Cc 

2xv 

c 

cc 

xw 

c 

cc 

yu 

c 

Cc 

2yv 

c 

cc 

yw 

Genotype  probabilities 
Son  Daughter 

C  c  CC  Cc  cc 

10  10  0 

i  i  i  i  0 

0  1  0  10 

10  0  10 

i  i  0  i  i 

0  1  0  0  1 


Note  that  the  sum  of  the  probabilities  of  all  possible  parental  genotypes  is 
x(u  +  2u  -t-  w)  +  y(u  -I-  2n  +  w)  =  X  -I-  y  =  1, 
as  would  be  expected. 


Let  the  proportion  of  alleles  (and  genotypes)  C  and  c  for  sons  in  the  first 
generation  be  Xi  :yi.  Then 

xi  =  P(allele  C) 

=  1  X  XU +  ^  X  2xv  -Hi  X  yu  +  i  X  2yv 
=  (x  -H  y)(u  +  y) 

=  p. 

Similarly,  y^  =  P(allele  c)  =  q. 


Of  course,  Xi  +  yi  =  1,  and 

Uj  +  2i)i  +  Wj  =  1. 

=  xp, 

2vi  =  ^(genotype  Cc) 

=  xy  +  xw  +  +  yu 

=  xq  +  yp, 

Wi  =  P(genotype  cc) 

=  yq. 

Then,  if  pi  and  qi  are  the  proportions  of  the  C  and  c  alleles  for  females  in  the  first 
generation,  we  have 

Pi  =  xp  +  Uxq  +  yp) 

=  xp  +  i(x  -  xp  +  p  —  xp) 

=  Ux  +  p), 

and 

qi  =  i(y  +  q). 

So  unless  x  =  p,  in  which  case 

Xi  =  X,  yi  =  y,  Pi  =  p  and  4,  =  q, 

the  allele  proportions  for  each  sex  for  generation  one  are  different  from  those  for 
generation  zero,  unlike  the  case  of  non  sex-linked  genes. 

Let  us  look  at  these  proportions  in  the  next  generation.  Applying  the  above  results 
with  appropriate  changes  in  the  symbols,  we  have  that  xj,  the  proportion  of  allele 
C  for  sons  in  the  second  generation,  is 

X2  =  Pi=  Ux  +  p), 

and  this  is  not  equal  to  Xi  unless  x  —  p. 

Similarly,  if  pj  is  the  proportion  of  allele  C  for  daughters  in  the  second  generation, 
then 

Pi  =  Uxi  +  Pi) 

=  Hp  +  Ux  +  p)) 

=  i(x  +  3p), 

and  this  is  not  equal  to  pi  unless  x  =  p. 

However,  look  at  the  difference  in  allele  C  proportions  between  males  and  females. 

At  generation  zero,  the  difference  (male  -  female)  is  x  —  p.  In  the  first  generation 
of  offspring,  it  is 

Xi-pi=p-Hx  +  p) 

=  i(p  -  x). 

Similarly  for  the  second  generation, 

X2-P2  =  MPi  -  Xi) 

=  i(x  -  p). 

So  at  each  generation  the  difference  between  the  allele  C  proportions  changes  sign 
and  is  halved.  Obviously  within  a  very  few  generations,  the  allele  C  proportions  in 
both  sexes  will  be  the  same  to  all  intents  and  purposes.  Of  course,  the  same  applies 
to  allele  c  proportions. 

In  this  situation  the  common  (to  each  sex)  values  of  the  C  and  c  allele  proportions 
may  be  denoted  by  p*  and  q*.  We  can  now  consider  the  case  of  a  generation  zero 
in  which,  using  the  above  notation, 

x  =  p(=p*)  and  y  =  q(=^q*), 
and  analyse  the  subsequent  distribution  of  genotypes. 

Question  4.4  If  the  C  and  c  allele  proportions  are  the  same  in  each  sex  in 
generation  zero,  show  that  an  equilibrium  distribution  of  genotypes  is  reached  for 
each  sex  in  a  single  generation.  □ 


Let  the  proportions  of  the  genotypes  CC,  Cc,  cc  for  daughters  in  the  first 
generation  be  Ui :  2vi :  Wi .  Then 

“1  =  ^’(genotype  CC) 

=  XU  +  XV 
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Question  4.4  enables  us  to  quantify  a  remark  that  was  made  earlier  in  the  section. 
If  c  is  a  recessive  allele,  with  frequency  q,  then  the  proportion  of  males  with 
characteristic  c  is  q,  whereas  the  proportion  of  females  with  genotype  cc  is  q^. 
About  1  in  25  men  are  colour-blind,  so  q  is  approximately  0.04,  and  q^  is 
approximately  0.0016.  Only  about  1  in  600  women  are  colour-blind. 

Question  4.5  What  proportion  of  women  are  carriers  for  colour-blindness?  □ 

The  disease  haemophilia  is  also  sex-linked.  It  is  extremely  rare  in  women,  though 
they  may  be  carriers — Queen  Victoria  was.  She  passed  the  ‘carrying’  gene  on  to 
one  of  her  sons  and  also  to  several  of  her  daughters,  who  were  carriers.  Her 
daughter  Princess  Alice  married  the  Grand  Duke  of  Hesse  and  their  daughter 
Alexandra,  who  was  a  carrier,  married  Nicholas  II,  the  last  Tsar  of  Russia.  The 
disease  appeared  in  their  son,  the  Tsarevitch,  who  was  a  haemophiliac. 

In  fact,  it  is  even  more  rare  than  would  be  expected  by  random  mating  for  a 
woman  to  have  haemophilia.  She  can  have  it  only  if  she  inherits  a  recessive  allele 
from  each  of  her  parents.  So  her  father  must  also  have  the  disease.  Until  recently 
the  disease  was  often  fatal  in  childhood  and  so  male  sufferers  were  unlikely  to 
become  fathers.  This  is  an  example  of  selection,  to  which  we  shall  return  in  the 
next  section. 


4.2  Chromosome  linkage 


In  Subsection  2.2  we  looked  at  one  of  Mendel’s  experiments  in  which  he  cross- 
fertilized  two  varieties  of  peas,  one  with  round  seeds  (allele  A)  and  yellow  seed 
cotyledons  (allele  C)  and  the  other  with  wrinkled  seeds  (a)  and  green  seed 
cotyledons  (c).  The  resulting  seeds  were  all  genotype  AaCc  and  had  round  seeds 
with  yellow  cotyledons  (phenotype  AC)  since  roundness  and  yellowness  are  both 
dominant  characteristics.  Mendel  then  allowed  these  seeds  to  self-fertilize;  his 
results,  given  in  Table  2.3,  are  reproduced  in  Table  4.2.  These  results  provided 
strong  support  for  his  Second  Law,  which  states  that  alleles  of  different  genes 
divide  independently.  As  was  shown  in  Section  2,  the  probability  of  the  appearance 
of  the  dominant  phenotype  when  Fj  seeds  self-fertilize  is  |,  and  in  each  case  the 
observed  number  (A:423  and  C:416)  is  very  close  to  |  of  556.  The  specific 
evidence  for  Mendel’s  Second  Law  is  that  the  number  of  peas  where  both 
dominant  characteristics  arc  present  (315)  is  very  close  to  |  x  |  of  556,  or  312^. 

Mendel  also  carried  out  a  second  experiment  with  these  varieties  of  peas,  using 
what  is  known  as  a  ‘backcross’.  This  term  describes  any  experiment  in  which  a 
heterozygous  offspring  is  mated  with  its  homozygous  recessive  parent.  Mendel’s 
backcross  experiment  involved  the  cross-fertilization  of  plants  grown  from  his  Fj 
seeds,  which  were  heterozygotes  with  genotype  AaCc,  with  plants  of  his  original 
variety  with  wrinkled  seeds  and  green  cotyledons,  genotype  aacc. 


Table  4.2 


Yellow 

Green 

Total 

Round 

315 

108 

423 

Wrinkled 

101 

32 

133 

Total  1 

416 

140 

556 

The  term  ‘backcross’  is  also 
sometimes  used  to  describe  the 
mating  of  a  heterozygote  with  any 
recessive  homozygote,  not 
necessarily  its  parent. 


Question  4.6  Assuming  that  Mendel’s  Second  Law  holds,  in  what  ratios  would 
you  expect  the  phenotypes  aC,  Ac,  aC  and  ac  of  this  cross-fertilization  to 
occur?  □ 

The  results  of  Mendel’s  backcross  experiment  are  shown  in  Table  4.3.  As  you  can 
see,  they  are  closely  in  accord  with  the  theoretical  ratios  1 :1 :1 :1  that  you  found  in 
Question  4.6,  and  they  provide  support  for  Mendel’s  Second  Law. 


Table  4.3  Mendel’s  backcross  experiment 


Yellow 

Green 

Total 

Round 

55 

51 

106 

Wrinkled  j 

49 

52  I 

101 

Total 

_ _ i 

104 

103 

207 

35 


In  1918,  Bregger  carried  out  a  similar  experiment  with  maize.  He  crossed  one 
pure-breeding  variety  having  coloured  starchy  seeds  with  another  having 
colourless  waxy  seeds.  All  the  resulting  Fj  seeds  were  coloured  and  starchy, 
indicating  that  these  two  characteristics  are  dominant.  He  then  performed  a 
backcross  experiment  with  plants  grown  from  the  Fj  seeds  and  plants  of  the  pure 
breeding  variety  with  colourless  waxy  seeds.  The  results  are  shown  in  Table  4.4, 
which  also  introduces  the  allele  symbols. 

Table  4.4  Bregger’s  backcross  experiment 


Starchy  (S) 

Waxy  (s) 

Total 

Coloured  (C) 

147 

65 

212 

Colourless  (c) 

58 

133 

191 

Total 

205 

198 

403 

The  results  here  are  very  different  from  those  that  Mendel  obtained  with  peas. 
Mendel’s  First  Law  is  apparently  operating:  the  ratio  of  starchy  to  waxy  is  close  to 
1 :1 — well  within  the  limits  of  random  error,  and  the  same  is  true  of  coloured  to 
colourless.  But  the  ratios  of  the  phenotypes  CS,  Cs,  cS,  cs  are  nowhere  near  1 :1 :1 :1. 

What  is  happening?  There  appears  to  be  some  link  between  coloured  and  starchy 
and  between  colourless  and  waxy. 

When  more  experiments  on  maize  breeding  were  carried  out,  there  were  found  to 
be  links  between  some  different  characteristics,  but  no  linkage  between  most 
characteristics.  It  was  found  that  the  genes  could  be  divided  into  ten  ‘linkage  sets’: 
genes  within  a  set  were  linked  to  each  other  to  a  greater  or  lesser  extent,  whereas 
genes  in  different  sets  obeyed  Mendel’s  Second  Law  and  showed  no  linkage. 

Similar  results  were  found  by  Morgan  and  his  co-workers  studying  the  fruit  fly 
Drosophila;  they  identified  four  linkage  sets.  In  each  case,  the  number  of  linkage 
sets  is  equal  to  the  number  of  pairs  of  chromosomes  in  (each  cell  of)  the  plant  or 
animal. 

As  you  saw  in  Subsection  1.2,  genes  can  be  thought  of  as  strings  of  beads  threaded 
on  chromosomes.  So  you  might  think  that  all  genes  on  one  of  each  pair  of 
chromosomes  would  be  passed  on  to  the  offspring.  However,  life  is  not  quite  as 
simple  as  that!  Let  us  go  back  and  look  at  the  maize  experiment  in  more  detail. 

The  genes  for  colour  with  alleles  C  and  c,  and  the  genes  for  starchiness/waxiness 
with  alleles  S  and  s,  occur  on  the  same  pair  of  chromosomes.  The  F,  seeds  receive 
one  chromosome  from  each  parent  and  so  are  heterozygous  CcSs — see  Figure  4.4. 
This  can  be  represented  more  clearly  as  CS/cs,  indicating  that  C  and  S  lie  on  one 
chromosome  and  c  and  s  on  the  other. 

Bregger  then  carried  out  his  second  experiment,  which  involved  backcrossing  an  Fj 
plant  with  the  doubly-recessive  ccss  variety,  which  may  be  written  cs/cs.  If  one 
chromosome  were  inherited  from  each  parent,  then  the  backcross  CS/cs  x  cs/cs 
would  result  in  half  the  F2  seeds  being  genotype  CS/cs  and  half  being  genotype 
cs/cs.  So  half  the  phenotypes  would  be  CS  and  half  would  be  cs.  But,  as  Table  4.4 
shows,  this  is  not  what  happened.  Although  CS  and  cs  were  the  largest  two 
groups,  65  seeds  were  coloured  and  waxy  (phenotype  Cs)  and  58  were  colourless 
and  starchy  (phenotype  cS). 

To  understand  how  this  can  occur,  we  have  to  return  to  meiosis,  the  process  of  cell 
division  in  which  gametes  (sex  cells)  are  produced,  as  it  occurs  in  Fj  seeds.  Recall 
(from  Subsection  1.2)  that  each  chromosome  of  each  pair  reproduces  itself  exactly. 
Then,  before  the  chromosomes  separate,  the  two  pairs  of  comparable 
chromosomes  lie  side  by  side  as  illustrated  in  Figure  1.4(c).  At  this  stage,  breaks 
may  occur  at  the  corresponding  points  in  two  non-identical  but  comparable 
chromosomes  and  they  then  rejoin  after  an  interchange  of  partners.  This 
phenomenon  is  known  as  crossing-over  and  is  illustrated  in  Figure  4.5.  If  one  such 
crossing-over  occurs,  one  F^  seed  will  receive  a  chromosome  with  alleles  C  and  s, 
and  another  will  receive  one  with  alleles  c  and  S.  These  chromosome  types,  written 
Cs  and  cS,  are  called  recombinant  types.  Crossing-over  occurs  prior  to  the 
formation  of  only  some  of  the  gametes;  more  of  them  will  contain  chromosome 
types  CS  and  cs  than  contain  types  Cs  and  cS.  The  proportion  of  recombinant 
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Figure  4.5  Crossing-over  of 
chromosomes  during  meiosis 
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Figure  4.4  Genes  on  the  same 
chromosome  in  Fj  seeds 


T.  Bregger,  ‘Linkage  in  maize:  the  C 
aleurone  factor  and  waxy 
endosperm’,  American  Naturalist, 
vol.  52  (1918)  pp.  57-61. 


types  is  known  as  the  recombinant  fraction  and  is  denoted  by  r.  In  general,  the 
probabilities  of  gametes  containing  chromosome  types  CS  and  cs  are  equal,  as  are 
those  of  the  chromosome  types  Cs  and  cS.  So  the  probabilities  of  the  different 
gamete  chromosome  types  from  the  CS/cs  F,  seeds  with  recombinant  fraction  r  are 
as  follows: 

P(CS)  =  P(cs)  =  i{l-r), 

P{Cs)  =  P(cS)  =  ir; 

and  P(CS)  +  P(cs)  +  P(Cs)  +  P(cS)  =  1. 

Question  4.7  If  the  plants  CS/cs  are  crossed  with  the  doubly-recessive 
colourless  waxy  maize  plants,  find  in  terms  of  r  the  probabilities  of  the  resulting 
phenotypes.  □ 


In  practice,  the  value  of  r  nearly 
always  lies  between  0  and  i. 
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Although  crossing-over  has  been  introduced  in  the  context  of  two  particular  gene 
pairs,  it  may  occur  between  any  two  gene  pairs  on  a  chromosome  pair.  The  value 
of  the  recombinant  fraction  depends  on  which  two  gene  pairs  are  under 
consideration. 

Oossing-over  may  occur  several  times  between  a  pair  of  chromosomes,  as  is 
illustrated  in  Figure  4.6.  As  part  (i)  of  the  figure  shows,  one  chromosome  originally 
contained  only  dominant  alleles,  and  the  other  only  recessive  alleles.  Also  shown 
are  the  recombinant  fractions  rj,  Tj,  r^,  r^,  for  adjacent  genes.  The  broken  lines 
indicate  the  crossings-over  that  occur  in  this  case;  the  resulting  chromosomes  are 
shown  in  part  (ii)  of  the  figure. 


(ii)  after  crossing-over 

a  Be  D  E 

Figure  4.6 

If  there  is  an  odd  number  of  crossings-over  between  the  positions  of  two  pairs  of 
genes,  then  recombination  will  take  place;  this  applies,  for  example,  to  the  pairs  of 
genes  Aa  and  Bb,  and  also  to  the  pairs  Aa  and  Dd  in  Figure  4.6(i).  If  there  is  an 
even  number  of  such  crossings-over,  then  the  result  will  be  indistinguishable  from 
the  parental  genotypes;  this  applies  to  the  pairs  Aa  and  Cc,  for  example. 

If  the  loci  of  the  two  pairs  of  genes  on  corresponding  chromosomes  are  close  to 
each  other  (as  pairs  Dd  and  Ee  in  Figure  4.6(i)),  then  crossing-over  is  not  very 
likely  to  occur  (and  r^.  will  be  small).  In  this  case,  linkage  between  the  Dd  and  Ee 
gene  pairs  is  almost  complete,  and  a  very  small  proportion  of  crossings-over  will 
occur;  it  is  highly  probable  that  a  gamete  will  contain  either  alleles  D  and  E  or 
alleles  d  and  e  (the  case  depicted  in  Figure  4.6(ii)).  On  the  other  hand,  if  the  loci  of 
the  two  genes  are  a  long  way  apart  on  the  chromosomes  (pairs  Aa  and  Ee  in 
Figure  4.6),  many  crossings-over  will  occur  and  r  will  be  approximately  one  half. 

In  this  case  there  will  be  practically  no  linkage,  and  the  two  genes  will  be  inherited 
practically  independently. 

If  a  large  enough  experiment  of  the  type  carried  out  by  Bregger  on  maize  plants  is 
performed,  then  the  recombinant  fraction  can  be  estimated  accurately.  With 
repeated  experiments  on  maize,  geneticists  have  calculated  r  for  different  pairs  of 
genes  on  each  chromosome.  They  use  the  results  to  obtain  what  is  known  as  a 
‘chromosome  map’,  which  shows  the  order  of  genes  on  each  chromosome.  This  can 
be  done  by  using  the  information  that  r  is  small  for  adjacent  genes  and  close  to 
one  half  for  genes  a  long  way  apart.  Chromosome  maps  have  also  been  obtained 
for  the  four  chromosomes  of  Drosophila,  the  fruit  fly.  It  is,  of  course,  much  more 
difficult  to  estimate  the  recombinant  fractions  for  man:  since  the  generation  time  is 
long  and  family  size  is  small,  little  data  are  available. 
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5  Evolution 


One  of  the  concepts  of  Darwin’s  theory  of  evolution,  which  was  described  in 
Subsection  1.1,  is  that  over  long  periods  species  of  animals  or  plants  may  gradually 
be  transformed,  or  evolve,  into  different  forms.  So  far  in  this  unit  there  has  been 
no  indication  of  how  evolution  can  take  place.  On  the  contrary,  the  Hardy- 
Weinberg  result  shows  that  under  random  mating  the  proportions  of  alleles  of  a 
gene  in  a  population  remain  constant  from  one  generation  to  the  next.  So  if 
random  mating  took  place,  there  would  be  no  evolution;  species  would  remain  the 
same  for  all  time.  There  are  two  main  ways  in  which  development  of  a  species 
or  evolution  of  one  species  into  another  takes  place — namely,  natural  selection 
and  mutation — and  this  section  contains  a  very  brief  introduction  to  these  topics. 
Of  course,  for  thousands  of  years  man  has  carried  out  selective  breeding 
programmes  of  plants  and  domestic  animals  to  develop  those  characteristics  which 
are  important  to  him.  Such  breeding  is  based  on  the  theory  of  genetics,  and  is  an 
important  branch  of  that  science,  but  one  that  is  not  discussed  in  this  course. 

Natural  selection 

Natural  selection  is  based  on  the  premise  that  individuals  have  more  offspring 
than  can  survive  to  maturity  and  reproduce.  Some  individuals  are  more  likely  to 
survive  than  others,  and  the  characteristics  which  are  favourable  to  survival  are 
inherited;  in  other  words,  survival  depends  to  some  extent  on  phenotype  and 
hence  on  genotype.  As  this  is  not  a  course  in  biology,  we  shall  not  discuss  details, 
but  the  ability  of  an  organism  to  survive  is  related  to  its  environment.  Different 
environments  favour  different  characteristics,  so  species  in  different  parts  of  the 
world  will  find  different  characteristics  important  for  survival.  When  Darwin 
studied  life  on  the  Galapogos  Islands,  he  found  that  species  had  evolved  slightly 
differently  on  different  islands. 

Obviously,  whether  or  not  an  individual  survives  is  a  complicated  process;  the 
ability  to  survive  depends  on  the  whole  individual  and  on  external  circumstances, 
not  on  a  particular  allele  of  one  particular  gene.  However,  particular 
characteristics  may  contribute,  to  a  greater  or  lesser  extent,  to  an  individual’s 
ability  to  survive.  Those  with  one  phenotype  may  be  more  likely  than  those  with 
another  phenotype  to  reach  maturity  and  have  offspring.  Then,  mating  is  no 
longer  random;  those  with  the  more  successful  phenotype  are  more  likely  to  mate. 
In  some  cases,  this  is  obvious:  certain  genetic  conditions,  such  as  haemophilia  or 
sickle-cell  anaemia,  are  often  fatal  in  childhood,  so  sufferers  (homozygotes)  are  very 
unlikely  to  mate.  Other  characteristics  will  have  a  less  dramatic  effect,  but,  for 
example,  dark-coated  mice  may  be  slightly  better  camouflaged  than  light-coated 
ones  and  so  be  less  likely  to  be  eaten  by  predators. 

It  can  be  shown  that  eventually  (i.e.  over  a  very  long  period  of  time  or  over  a  very 
large  number  of  generations),  if  one  homozygous  form  is  the  most  likely  to  survive, 
then  that  allele  will  survive  and  the  other  allele  will  become  extinct;  the  whole 
population  will  have  the  characteristic.  In  some  cases,  however,  the  heterozygous 
form  is  the  most  likely  to  survive.  This  is  true  in  the  case  of  sickle-cell  anaemia, 
where  the  heterozygous  form  AS  does  not  die  of  anaemia  and  is  more  likely  to 
survive  malaria  than  is  the  normal  homozygote  AA.  In  this  case  an  equilibrium  is 
reached  in  which  both  alleles  are  maintained  in  the  population. 

Mutation 

You  have  seen  how  natural  selection  can  change  the  proportion  of  different  alleles 
in  a  population.  However,  natural  selection  does  not  introduce  any  new 
characteristics  into  a  population.  For  evolution  to  proceed,  mutation  must  occur. 
Mutation  is  the  spontaneous  changing  of  a  gene  from  one  allele  form  into  another. 
This  can  be  a  form  already  in  existence  but  it  can  be  a  completely  new  form;  it  is 
then  known  as  a  mutant  gene.  Mutation  occurs  naturally  at  a  very  low  rate;  a  gene 
has  a  probability  of  between  about  10"®  and  10"®  of  mutating  during  the  life  of 
an  individual.  The  rate  is  greatly  increased  by  exposure  to  radiation.  However, 
over  a  long  period  of  evolution,  there  are  many  natural  mutations. 
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Many  mutations  are  harmful  and  these  usually  die  out  very  quickly,  even  if  the 
individual  passes  on  the  mutant  gene  to  offspring.  However,  some  mutant  genes 
are  beneficial  and  produce  characteristics  which  are  favourable  to  natural  selection. 
Because  of  the  biochemistry  of  chromosomes,  the  same  mutant  gene  is  liable  to 
occur  many  times  in  a  population  over  a  long  period. 

The  survival  of  a  mutant  gene  has  been  modelled  using  a  Galton-Watson 
branching  process.  Suppose,  for  simplicity,  that  the  size  of  a  population  is  constant 
from  generation  to  generation.  Then  on  average  an  individual  is  parent  to  two 
offspring.  If  an  individual  has  one  mutant  gene,  there  is  a  probability  of  one  half 
that  any  offspring  inherits  the  mutant  gene.  So  the  mean  number  of  mutant  genes 
in  the  next  generation  is  one.  If  the  mutant  gene  is  neither  harmful  nor  beneficial, 
so  there  is  no  tendency  for  natural  selection  to  occur,  then  the  progress  of  the 
mutant  gene  from  generation  to  generation  can  be  modelled  by  a  Galton-Watson 
branching  process  with  the  offspring  distribution  having  mean  1.  As  you  saw  in 
Unit  4,  Section  4,  extinction  is  certain  to  occur  in  this  case  and  so  the  mutant  gene 
will  not  survive. 

If  the  mutant  gene  produces  a  characteristic  which  is  not  beneficial  to  the  species, 
then  by  natural  selection  the  offspring  will  be  less  likely  to  survive  than  will  a 
normal  offspring,  and  so  the  mean  of  the  offspring  distribution  will  be  less  than  1. 
Again,  extinction  is  certain.  However,  if  the  mutant  gene  is  beneficial  to  the  species, 
then  the  offspring  will  be  more  likely  to  survive  than  will  those  with  other 
genotypes,  and  so  the  mean  will  be  greater  than  1.  In  this  case,  as  you  saw  in 
Unit  4,  extinction  is  not  certain  and  there  is  a  non-zero  probability  that  the 
number  of  mutant  genes  will  increase  indefinitely  over  succeeding  generations. 

Even  if  the  characteristic  shows  only  a  slight  advantage,  eventually  the  mutant 
gene  will  spread  because  the  same  mutation  will  occur  spontaneously  on  many 
occasions.  Suppose  the  probability  of  extinction  is  0.99;  then  if  the  mutant  gene 
occurs  100  times,  the  probability  that  at  least  one  will  not  die  out  is 
1  —  0.99^®®  =  0.63;  if  it  occurs  200  times,  the  probability  is  0.87.  So  over 
thousands  of  years,  new  species  will  evolve. 

This  unit  has  provided  a  brief  introduction  to  the  <opic  of  genetics.  If  you  would 
like  to  know  more,  you  could  study  the  OU  course  S298  Genetics. 


Objectives 


After  studying  this  unit  you  should  be  able  to: 

understand  the  terms  chromosome,  gene,  allele,  genotype,  phenotype,  homozygote, 
heterozygote,  dominant,  recessive,  codominant; 

explain  the  basic  concepts  of  Mendel’s  work,  including  self-fertilization  and  cross¬ 
fertilization  and  the  formation  of  Fi  and  F2  generations,  though  you  will  not  be 
expected  to  reproduce  the  details; 

understand  Mendel’s  First  Law  and  use  it  for  calculation  of  probabilities  for 
inheritance  of  genes  with  two  and  more  than  two  alleles; 

understand  Mendel’s  Second  Law,  apply  it  to  examples  and  know  when  it  does 
not  apply; 

derive  the  Hardy- Weinberg  Law  of  genetic  equilibrium  for  the  inheritance  of  a 
single  gene,  and  use  it  to  calculate  allele  proportions  and  the  probabilities  of 
different  genotypes,  incorporating  various  pieces  of  given  information  about 
individuals; 

understand  how  inheritance  occurs  on  the  sex  chromosomes  and  work  out 
problems  of  inheritance  of  genes  on  the  X  chromosome; 

derive  the  Hardy-Weinberg  Law  for  a  gene  on  the  X  chromosome; 
understand  the  basic  idea  of  chromosome  linkage; 

use  the  recombinant  fraction  to  calculate  probabilities  of  the  inheritance  of 
different  genotypes  for  two  genes  at  different  loci  on  the  same  chromosome. 


Appendix:  Solutions  to  questions 


Section  1 

l.l(i)  A,  Ai ,  A,A2,  A, B,  A,0,  A2A2,  A2B,  AjO,  BB,  BO,  OO. 
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There  are  six  blood  groups  in  this  system. 


Section  2 

2.1  All  offspring  inherit  a  T  allele  from  the  first  parent. 
F'rom  the  second  parent,  there  is  a  probability  of  ^  of 
inheriting  a  T  allele  and  a  probability  of  \  of  inheriting  a  i 
allele.  So,  for  the  genotypes  of  the  offspring,  we  have 
P{TT)  =  P{Tt)  =  i. 

Since  T  is  dominant,  all  offspring  are  phenotype  T  and  are 
tasters:  the  probability  of  phenotype  T  is  1. 


2.4  The  probability  that  an  Fj  offspring  is  of  genotype  BB  is 

P(BB)=  X  Pim\EdP(Ei) 

1=  1 

=  lx3  +  gxi:  +  ix^  =  3^. 

Similarly,  in  generation  Fj, 

P(Bb)=  X  P(Bb|£,)P(£,.) 

i=  1 

=  0x5  +  ix3  +  §x^  =  |, 

(As  a  check,  P(BB)  +  P(Bb)  +  P(bb)  ^^  +  |  +  -jV=1.) 

Only  genotype  bb  have  black  bodies,  so  Vg  of  the  F2 
generation  flies  have  black  bodies. 


2.5  We  first  calculate  conditional  probabilities  for 
Caroline,  given  that  Frank  has  blood  group  MN  (genotype 
MN).  The  event  that  Frank  is  genotype  MN  is  denoted  by 
£2-  By  Bayes’  Theorem, 

Pir  iz..-^(^2|Ci)P(C,) 

(  1 1  2) 

If  Frank  has  parents  with  genotypes  MM  and  MN,  then  the 
probability  that  £2  occurs  is  one  half.  The  (unconditional) 
probability  that  £2  occurs  is  the  same  as  the  probability  that 
Elfrida  is  genotype  MN,  which  was  found  to  be  ^  in  part  (i) 
of  Example  2.4.  So 


£(£.[£2)  = 


i 

—  2» 


TT  X  Tt 


2.2  The  diagram  shows  all  possibilities  for  the  genotype  of 
the  offspring.  It  follows  that  the  offspring  genotype 
probabilities  are 

P(TT)  =  i  P(Tt)  =  i,  P(tt)=i. 

The  probability  that  an  offspring  is  a  taster  (phenotype  l  i  is 
4,  and  that  he  is  a  non-taster  (phenotype  t)  is  i. 


Tt  X  Tt 


2.3  The  F2  seeds  that  have  green  cotyledons  with  genotype 
cc  should  breed  true.  All  seeds  produced  will  be  of  genotype 
cc  and  so  have  green  cotyledons.  This  is  what  Mendel  found. 

Of  the  yellow  F2  seeds,  i  (=  i/(i  +  ^))  have  genotype  CC 
and  I  have  genotype  Cc.  So  i  of  the  yellow  seeds  should 
breed  true  and  produce  only  yellow  seeds.  The  remaining 
those  with  genotype  Cc,  will  behave  exactly  as  the  Fi  seeds. 
Their  seeds  will  have  genotypes  CC,  Cc,  cc  in  the  ratio 
1 :2;I,  so  I  will  have  yellow  seeds  and  5  will  have  green  seeds. 

Mendel  found  that  166  of  519  plants  grown  from  F2  yellow 
seeds  (about  i)  produced  exclusively  yellow  seeds  and  353 
(68%)  yielded  a  mixture  of  yellow  and  green  in  the 
approximate  ratio  3:1.  This  is  in  accord  with  Mendel’s  First 
Law.  and  as  close  as  could  be  expected,  allowing  for 
sampling  variation. 


and 

£(C2|£2)=I-P(C,|£2)  =  i 

In  this  case,  the  information  about  Frank  does  not  change 
the  probabilities  for  Caroline.  The  probabilities  of  the  blood 
groups  M.  MN,  N  for  Elfrida  are  therefore  the  same  as  in 
part  (i)  of  Example  2.2:  respectively. 

2.6  Jane  is  the  daughter  of  Graham  (AjAj)  and  Helen 
1A,B).  So  for  Jane,  the  probabilities  of  the  possible  genotypes 
arc 

£(A,Ari  =  £(A,B)  =  P(A,A2)  =  P(A2B)  =  I 
Since  A,  is  dominant  to  A2,  Jane’s  possible  phenotypes  are 
A, .  A,  B  and  A2B,  and 

P(A,)=i,  P(A,B)  =  P(A2B}  =  i. 

2.7(i)  Let  K5  be  the  event  that  Karen  has  genotype  BB 
and  K2  be  the  event  that  she  has  genotype  BO;  let  M,  N  be 
the  events  that  Martin  and  Nigel  have  blood  groups  AjB, 
A2B,  respectively. 

By  Bayes’  Theorem, 

P(KjMand  N)  = and  iV|  K,)  Pf/CQ 
'  '  P(M  and  N) 

By  the  Theorem  of  Total  Probability, 

2 

P(M  and  iV)  =  ^  P(M  and  N|£:,-)P(K,), 

1  =  1 

Now 

P{M  and  NjiCi)-  P(M|/Ci)P(N|/Ci) 
and 

P(M  and  N  \  K2)  =  i  x  I  = 
and  we  have  assumed  that  P(/Ci)  =  P(K2)  =  5. 

So  P(M  and  N)  =  ix'^-|-iVxx  =  ^.  Substituting  in  the 
expression  given  by  Bayes’  Theorem,  we  obtain 

i  x  i 

P(K,|Mand  iV)  =  f 

J2 

(and  so  PfKj  [  M  and  N)  =  -i). 
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(U)  Liam’s  parents  are  Ian  (AjAj)  and  Karen  (BB  with 
probability  |  and  BO  with  probability  i).  So  for  Liam,  the 
allele  from  his  father  is 

|Ai  with  probability  i 
IAj  with  probability  j 
and  the  allele  from  his  mother  is 
Jb  with  probability  f  +  5  x  ^  ^ 

[O  with  probability 
So, 

F(Liam  is  of  genotype  AjB)  =  ^  x  ^ 

P(Liam  is  of  genotype  A2B)  = 

F(Liam  is  AiO)  =  P{Liam  is  A2O)  = 

The  probabilities  of  possible  phenotypes  (blood  groups)  of 
Liam  AjB,  AjB,  Aj,  A2  are  in  the  ratios 
9:9:1:1. 

2^  The  Fi  offspring  are  all  of  genotype  AaBbCc.  If  these 
are  allowed  to  self-fertilize,  then  for  each  gene  in  the  Fj 
offspring, 

P(dominant  phenotype)  =  f ,  P(recessive  phenotype)  = 
By  Mendel’s  Second  Law,  the  three  genes  are  inherited 
independently,  so  we  can  calculate  the  probabilities  of  all 
possible  phenotypes: 

P(ABC)  =  P(A)  X  P(B)  X  P(C)  =  |x|x|  =  ||, 

P(ABc)  =  I  X  I  X  i  = 

P(AbC)  =  P(aBC)  = 

P(Abc)  =  P(aBc)  =  P(abC)  = 

P{abc)  = 

For  purple  flowers  we  need  dominant  alleles  A,  B  and  C,  so 
P(purple  flowers)  = 

the  probabilities  of  the  other  colours  are 
P(red  flowers)  =  P(ABc)  = 

P(white  flowers)  =  1  -  -  ^  =  H. 


Section  3 

3.1  Since  u,  =  (u  +  v){v  +  w),  it  follows  that 

^2  =  (Ml  +  yi)(i’i  +  wi) 

=  [(u  +  y)^  +  (m  +  d)(i;  +  vv)]  [(u  +  y)(u  +  w)  +  (p  +  w)^] 
=  (u  +  u)(u  +  w)(u  +  lv  +  w)2 
=  (u  +  p)(p  +  w),  using  Condition  (3.1), 

=  i'l- 
Similarly, 

W2  =  (Pi  +  Wi)2 

=  [(m  +  v){v  +  w)  +  (y  + 

=  {V  +  W)2 

=  Wi. 

So  for  each  genotype  the  probability  remains  the  same  in  the 
second  generation  as  in  the  first  generation.  It  is  therefore 
unnecessary  to  carry  out  the  calculations  again.  It  is 
necessarily  the  case  that,  for  example,  Uj  =  Uj  =  Uj  and  that 
in  general 

u„=  Ui  ={u  +  vf,  1 

y„  =  Pi  =  (u  +  y)(u  +  w),  >  n  -  2,  3,  ...  . 

=  'Vi  =  (y  +  w)^,  1 


3.2  In  the  initial  generation,  the  probability  that  the  gene 
form  is  an  A  allele  is  given  by 

P(allele  A)  =  ^  P(allele  A  |  genotype)  P(genotype), 

genotype 

If  the  genotype  is  AA,  then  the  probability  that  the  gene 
form  is  an  A  is  equal  to  1 ;  for  genotype  Aa,  the  probability 
is  one  half.  For  genotype  aa,  the  probability  is  zero.  So 
P(allele  A)  =  1  x  w  +  ^  x  2y  +  0  x  iv 
=  u  +  £•  =  p. 

Similarly,  the  probability  of  allele  a  is  r  +  iv  =  q. 

At  any  subsequent  generation,  the  probability  of  allele  A  is 
U\  ->r  v^  =  p-  +  pq  =  p,  and  the  probability  of  allele  a  is  q. 

So  with  random  mating,  the  proportions  of  the  two  alleles 
remain  fixed  at  the  initial  values  for  all  subsequent 
generations. 

3.3  The  proportion  of  allele  T  in  the  population  is  0.6,  so 
the  proportion  of  allele  t  is  0.4.  Hence,  the  proportion  of  the 
genotypes  TT,  Tt,  tt  are 

p^:2p<7:g2  =  0.36: 0.48: 0.16. 

Genotypes  TT  and  Tt  are  tasters,  so  the  proportion  of 
tasters  is  0.84. 


3.4  The  matings  which  can  result  in  an  offspring  of 
genotype  A, A3  are  set  out  below.  The  only  possible  matings 
arc  those  in  which  an  Aj  allele  can  be  obtained  from  one 
parent  and  an  A3  allele  can  be  obtained  from  the  other. 


Parents 

Mating  type  Probability 

Probability  that  offspring 

In  of  genotype  A,  A3 

A  ]  A  ]  X  A 1  A3 

4«c' 

1 

A] Ai  X  A2A3 

4ae 

1 

2 

A[Ai  X  A3A3 

2af 

1 

A,A2  X  A1A3 

86c 

i 

A1A2  X  A2A3 

Sbe 

4 

A1A2  X  A3A3 

46/ 

i 

A1A3  X  A, A3 

4c^ 

i 

A, A3  X  A2A3 

See 

i 

A 1  A3  X  A3A3 

4cf 

So  the  probability  that  a  child  is  A, A3  is 

2(uc  +  ae  +  af  +  be  +  he  +  bf+  ^  +  ce  +  cf) 
=  2{a  +  b  +  c)(c  +  e  +/) 

=  2pr. 


3.5  Since  Ruth  is  known  to  be  genotype  MN,  Sarah 
inherits  an  M  allele  from  her  mother  with  probability  and 
she  inherits  an  M  allele  from  her  father  with  probability  0.3, 
since  we  know  nothing  about  his  blood  group.  So  the 
probability  that  Sarah  is  genotype  MM  is  0.15.  Alt  possible 
genotypes  are  set  out  in  the  figure,  together  with  their 
probabilities.  So,  for  Sarah,  P(MM)  =  0.15,  P(MN)  =  0  5  and 
P(NN)  =  0,35. 
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Section  4 

4.1  As  can  be  seen  from  the  figure,  sons  inherit  a  dominant 
C  allele  from  their  mother  and  so  have  normal  vision. 
Daughters  ail  inherit  a  C  allde  from  their  mother  and  a  c 
allele  from  their  father.  So  daughters  are  all  heierozygotes 
Cc;  they  have  normal  vision  but  are  carriers  of  the  colour¬ 
blind  allele. 

For  both  sons  and  daughters,  P(phenotype  is  C)  =  I. 

c  X  CC 


Female  offspring 


Male  offspring  C  C 

i  i 

4.2  No.  A  male  cat  has  only  one  allele,  so  it  is  either 
orange  (O)  or  non-orange  (T).  (Male  cats  cannot  be 
heterozygotes,  and  so  cannot  be  tortoiseshell.) 

4.3  Male  kittens  inherit  just  one  colour  gene,  which  is 
either  an  O  or  a  T  allele  from  their  mother;  so  for  males, 

P(orange)  =  P(non-orange)  = 

Female  kittens  inherit  an  O  allele  from  their  father  and  O  or 
T,  each  with  probability  from  their  mother.  So  their 
genotype  is  OO  with  probability  i  or  OT  with  probability  i. 
For  phenotypes  of  females, 

P(orange)  =  i,  P(tortoiseshell)  = 

4.4  In  generation  zero  we  have  equal  allele  proportions, 
that  is,  in  the  usual  notation, 

x  =  p{=p*) 
y  =  q{=  q*). 

Using  the  results  established  on  page  33,  the  proportion  of 
male  genotypes  C  and  c  is 
x,:y,  =p-.q  =  x-.y, 

and  this  proportion  recurs  at  each  subsequent  generation. 


For  females  in  the  first  generation,  the  proportions  of 
genotypes  CC,  Cc  and  cc  are 
Ml ;  2^1  .-vvi  =  xp-.xq  yp\yq 
=  p^ :  2pq :  q^. 

The  different  genotypes  occur  in  females  according  to 
Hardy-Weinberg  proportions  in  the  first  offspring 
generation,  and  remain  in  these  proportions  in  all  succeeding 
generations. 

Thus,  an  equilibrium  distribution  of  genotypes  is  reached  in 
a  single  generation. 

4.5  A  woman  is  a  carrier  for  colour-blindness  if  she  is 
genotype  Cc.  The  proportion  of  this  type  in  the  population  is 
2pq  or  2  X  0.96  x  0.04  =  0.0768;  that  is,  about  1  in  13. 

4.6  The  experiment  involves  the  cross 
AaCc  X  aacc. 

Assuming  Mendel’s  Second  Law,  we  should  expect 
P(AaCc)  =  i,  P(aaCc)  =  5, 

P(Aacc)  =  P(aacc)  =  i. 

The  corresponding  phenotype  probabilities  are 
P(AC)  =  P(aC)  =  P(Ac)  =  P(ac)  =  i 
and  so  the  phenotypes  occur  in  the  ratios  1 :1 :1 :1. 

4.7  The  probabilities  of  the  various  possible  chromosome 
types  in  the  gametes  from  the  F,  seeds  are  given  in  the  text. 
All  the  gametes  from  the  doubly-recessive  plants  are 
chromosome  type  cs.  So  the  different  possible  gametes  and 
their  probabilities,  and  the  resulting  genotypes  and 
phenotypes  in  the  next  generation,  are  as  follows. 


Gametes  Offspring 


Type 

Probability 

Genotype 

Phenol; 

CS  X  cs 

id  -r) 

CcSs 

CS 

Cs  X  cs 

ir 

Cess 

Cs 

cS  X  cs 

ccSs 

cS 

cs  X  cs 

i(i  -  d 

CCSS 

cs 

So,  for  phenotypes, 

P(coloured  starchy  seeds) 

=  P(colourless  waxy  seeds)  =  ^{1  —  r), 
P(coloured  waxy  seeds) 

=  P(colourless  starchy  seeds)  =  {r. 
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